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Abstract
The effect of a range of solids on some simple Diels-Alder reactions has been 
explored by the development of the methodology for the monitoring of a suspended 
solid in a liquid phase reaction mix as well as a solid ‘impregnated’ with reaction mix. 
The specific solids chosen were silica, quartz, sodium chlorate, aluminium chloride, 
cyanoguanidines, magnesium perchlorate, aspartic acid, a-D-glucose, carbon, sodium 
sulphate and guanidinimn carbonate. These were selected due to their structural 
features, literature evidence of effectiveness and evidence of effect in solution.
Solid aluminium chloride, magnesium perchlorate, carbon and silica significantly 
enhance reactivity of the acrolein/1 ,3-cyclohexadiene reaction compared to control. 
Furthermore, aluminium chloride and silica affect diastereoselectivity to givp an 
exo/endo ratio of approximately 0.5:1 and 0.1:1, respectively (for 
acrolein/cyclopentadiene) compared with 0.25:1 for the control.
These solids, (AICI3, Mg(C1 0 4 )2 , SiC>2 and carbon) were then studied in more detail. 
Kinetic analysis of heterogeneous catalysis for each solid was carried out with 
measurement of rate constants and the enhancement due to each solid quantified. 
From this, an order of catalysis effect for solid catalysts was shown to be Lewis acid 
»  general acid > compression or localisation.
The effect of a solid organic material, bis-resorcinol anthracene was examined. Its 
preparation and a kinetic analysis of its effect as a solid catalyst are described. 
Differential enhancement for different dienes has been discovered and is interpreted 
as due to a selective cavity effect.
Preparation of a group of acyclic achiral imides (having no stereogenic atom), which 
were likely to crystallise in a chiral conformation, for absolute asymmetric Diels- 
Alder reactions is also described. The aim was to effect enantioselective cycloaddition 
of a simple diene to a dienophile whose chirality is due solely to its solid state 
conformation and where its chirality is reflected in the crystallisation.
Crystallisation of one imide to give chiral space group P2\2\2\ is seen, with another 
giving the achiral Pcba crystal structure. Some evidence of reaction with diene was 
obseived. In cases where no reaction was seen, steric hindrance and lack of 
conjugation due to twisted chiral conformations are proposed. The scope for further 
work is explored.
This work has given a clearer insight into heterogeneous catalysis of the Diels-Alder 
reaction, allowed quantification of rate enhancement by solids, and given a greater 
understanding of how and why some solids are more effective than others.
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C h a p t e r  1  
B a c k g r o u n d  a n d  L i t e r a t u r e  R e v i e w
1. Introduction
1.1 Aim of research
The aim o f  the project is to explore the use o f  solids, both organic and inorganic to 
influence organic reactions, in particular the Diels-Alder reaction, in terms o f  rate, 
regioselectivity, diastereoselectivity and enantioselectivity.
Fundamental to this is the idea that a solid ‘host’ will exert an influence on a reaction. 
However, with some notable exceptions, the effects o f  solid ‘hosts’ on homogeneous 
organic reactions are not very well understood.
1.2 Background
1 . 2 . 1  C a t a l y s i s  in  s o l u t i o n
A  catalyst acts by providing an alternative reaction path with a lower activation 
energy. Catalysis takes place in solutions, on surfaces, and in environments that are 
microscopic phases, such as molecular scale cages.
Catalysis in solutions is the best understood, because o f  the uniformity o f  the catalyst 
species and o f  the environment around the species participating in a reaction. It is also 
because homogeneous systems are easily examined by non-destructive techniques e.g. 
NMR and IR, which aid in revealing more detailed mechanisms than heterogeneous 
systems. The effect in solution is due to chemical and physical effects. Chemical 
reactions in a liquid involve ions and molecules as reactants and catalysts. Since 
solvent-solute interactions are often strong, solvents often influence catalysis strongly,
1
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affecting the interactions between reactants and catalysts. Consequently, rates o f  
catalytic reactions can be regulated by the choice o f  solvent.
Water is the most common solvent and is unique because the molecules are small and 
strongly polar, and therefore it dissolves many ionic and polar compounds.
Some considerable increases in rates have been observed for Diels-Alder reaction 
conducted in water. Reaction o f  cyclopentadiene with methyl vinyl ketone at 20 °C in 
water was 700 times faster than in 2,2,4-trimethylpentane and the endo:exo ratio rose 
from about 4:1 normally found in organic solvents to more than 20:1. It is suggested 
that the rate accelerations in these reactions are due to hydrophobic interactions, 
which bring the components close together, at the same time favouring the endo 
transition state.1
1 . 2 . 2  C a t a l y s i s  in  o r  o n  s o l i d s
Most solid catalysts used on large scale are inorganic and the most common materials 
are metals and oxides o f  various kinds.
The effect is due to chemical and physical features but in many cases topological 
features or shape is important for the best use o f  material. Powders, cylindi'ical pellets, 
spheres can be used depending on their application. A  fundamental feature o f  a solid 
catalyst is a high surface area and porosity.
Macropores (pores o f  > 100 mn diameter) are essential for some catalysts to enable (i) 
efficient penetration o f  liquids iri some preparations, and (ii) efficient flow o f  
reactants to the smaller pores. Some catalysts are mesoporous (> 2 nm and < 1 00  nm 
diameter) with an interpenetrating array o f  variously sized pores. The catalysts with 
highest surface area have significant amounts o f  micropores (< 2 mn diameter) such 
as in zeolite catalysts having a very crystalline, well ordered, well defined array o f  
micropores.2
2
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> 2 nm and <100 nm
(a) (b)
Fig. 1.1 - Schematic diagrams of the pore structure of a catalyst showing (a) an interpenetrating array 
of different sized pores and (b) interconnection of macro-, meso- and micro-pores.2
Inorganic materials such as zeolites (crystalline alumosilicates) are widely used as 
catalysts and are structurally unique in having cavities or pores with molecular 
dimensions as part o f  their crystalline structure, which bear catalytic sites. The 
cavities can bind many organic molecules to exhibit unique catalysis for organic 
reactions.
Transport o f  reactants or products may be affected strongly by the pores and, in the 
limiting case, one kind o f  molecule may be too large to fit through the pores, although 
another may fit. There also needs to be sufficient space in the pores to allow 
formation o f  the transition state for a step in a catalytic cycle. Transport in pores can 
also influence regio- and stereoselectivity and the geometry is important.3, 4 Inner 
cavities surrounded by organic compounds is an attractive feature since the shape, 
size and function o f  the cavity become designable.
Structures o f  solid surfaces are notoriously complex and the surfaces o f  most catalytic 
solids have microscopic and even macroscopic regions with different compositions, 
phases, and structures with a variety o f  imperfections and are often impossible to 
determine under the conditions o f  a catalytic reaction therefore surface catalysis is 
poorly understood compared with solution catalysis.
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1 . 2 . 3  A s y m m e t r i c  c a t a l y s i s
Most o f  the molecules in nature are chiral and nature is very specific in their creation. 
I f a molecule contains one carbon atom carrying four different groups it will not have 
a plane o f  symmetry and must therefore be chiral. A  carbon atom carrying four 
different groups is a stereogenic or chiral centre.
HO CN
fe
stereogenic centre 
R r*" or chiral centre
Fig. 1.2 - Example of a chiral compound.
Different chiral versions o f  the same molecule often have very different properties 
(Fig. 1.3). N-limonene smells o f  lemons and R-limonene smells o f  oranges.
i?-(+)- limonene 
smells o f oranges
S- (-)- limonene 
smells o f lemons
Fig. 1.3 - Chiral carbon in limonene.
This application o f  catalysis is constantly expanding. Many drugs are more effective 
in only one chiral form and so asymmetric catalysis is widely applied in this area. The 
ability to produce one form o f  isomer is therefore o f  great importance and interest to 
the pharmaceutical industry and catalysts have a prominence in this development. An 
example o f  this is a catalytic route to the drug N-dopa (Fig. 1.4) used in the treatment 
o f  Parkinson’ s disease, the inform  is largely inactive, it has to be separated from the 
S-form, which is a costly process.2
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marketed as a single enantiomer toxic
effective in restoring nerve function
Fig. 1.4 -  The structure of R- and S- dopa.
Homogeneous catalysts can enable this conversion with 95 %  selectivity. Although 
many o f  these kinds o f  processes are homogeneous, this involves costly operations for 
removing the catalyst from the liquid phase product. I f heterogeneous catalysts could 
be prepared then separation would become much simpler, and malting the process 
continuous would be easier. Also, it would not be necessary to use a solvent to 
dissolve the catalyst.
Homogeneous catalysts can be thermally unstable when compared to usual 
heterogeneous catalysts and have shorter catalyst life. However, some homogeneous 
catalysts are so robust that quenching the catalyst can be difficult because the 
catalysis sometimes continues during the work-up stage o f  the reaction. Thus, there is 
motivation for the development o f  heterogeneous asymmetric catalysts compared to 
homogeneous catalysis due to its process engineering advantages (handling, 
separation).2
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1 . 2 . 4  S o l i d  c a t a l y s t s
In some cases, solid state organic reactions occur more efficiently and more 
selectively than the solution reaction, since molecules in a crystal are arranged in a 
more ordered and compact fashion. An example o f  this was given by Soai where, solid 
state (IS, 2R)-N-b enzyl - A-methylephedrinium halides gave much higher 
enantioselectivities than those in solution during the enantioselective addition o f  
diethylzinc to aldehydes.5 When 1 was used as a chiral solid state catalyst (6 mol %), 
in the treatment o f  benzaldehyde with diethylzinc, (S)-1 -phenylpropanol 3 was 
obtained in 90 % yield and in 74 % ee. However, the reaction in DMF-hexane using 
the catalyst in solution gave only racemic product.
90 % yield 
74 %  ee
2 Ph 3
/  Cl<->
M e,N + OH
A "
I Me
Scheme 1.1 - Chiral amine salts as solid-state catalysts.
DMF strongly solvates the ammonium cation, so low solvation is essential for the 
asymmetric induction.
Catalysis by solid materials is o f  current interest. Past work on the catalysis o f  the 
acrolein-1,3-cyclohexadiene Diels-Alder reaction involves an anthracenebisresorcinol 
derivative 4 as the catalyst in the solid state in which soiption o f  the reactants occurs 
in the cavities o f  the polycrystalline host 4.6
catalyst Ph 
PhCHO + Et2Zn ----------►
H '■
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4
Fig. 1.5 - Structure of antluacenebisresorcinol.
A  preorganised intracavity reaction occurs and the products are then desorbed. The 
intracavity reaction, which is the longest stage, is claimed as the rate-determining 
step.
The host also promotes stereoselective intracavity reactions for alkyl acrylates and 
cyciohexadiene, but not in a catalytic manner, hi solid state reactions o f  selective 
organic reactions, the host can affect rate and stereochemistry o f  the reaction between 
guest molecules. The molecular structures, topologies and cavity sizes all play an 
important role. Hydrogen bonding between host and dienophile provides the 
necessary orientation to allow reactants to approach in a certain way and result in 
stereoselectivity. Catalysts are normally inorganic rather than organic solids. Organic 
molecules can be more diverse due to the fact that molecular structures, network 
dimensions, topologies, cavity sizes and functional catalytic groups can be designed.
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1.3 Stereochemistry
1 . 3 . 1  I n t r o d u c t i o n
Stereochemistry can be described as the chemistry resulting from the spatial 
arrangements o f  atoms in molecules and complexes. Its study originated in 1809 
following the discovery o f  plane polarized light by the French physicist Malus.7 In 
1812, the French scientist Biot found that a quartz plate, cut at right angles to its 
crystal axis, rotates the plane o f  polarized light through an angle proportional to the
Q i
thickness o f  the plate; this is optical rotation and occurs by an optically active 
material. The extent o f  rotation depends on concentration, pathlength, and the material 
causing the rotation.
The cause o f  optical rotation in crystals is a property lmown as hemihedrism. Those 
forms in any crystal system which show the full number o f  faces required by the 
symmetry o f  the system are called holohedral forms. When only half the number o f  
faces found in the holohedral form are present, the form is hemihedral.
Faces o f  the crystal are positioned so as to produce non-superimposable species, i.e. 
its mirror image. These crystals are enantiomorphous and lack inverse symmetry 
elements, that is they possess neither a plane o f  symmetry nor a centre o f  symmetry, 
or an improper axis o f  symmetry, i.e. they are chiral. The two enantiomorphs that 
possess this property are otheiwise known as enantiomers. They are chiral isomers 
being non-superimposable mirror images. They rotate the plane o f  polarized light in 
opposite directions. Observation o f  the rotation o f  plane polarized light is known as 
polarimetry and is a way o f  finding out i f  a sample is achiral, racemic or contains 
more o f  one enantiomer than the other.
Objects possessing inverse symmetry elements are superimposable on their mirror 
image, i.e. are achiral. I f the starting materials o f  a reaction are achiral, and the 
products are chiral they will normally be formed as a racemic mixture, i.e. a mixture 
o f  two enantiomers in equal proportions.
Chapter 1
MeMgCl
'CHO
OH
6
H OH
Scheme 1.2 - Chiral products made from achiral starting materials give equal amounts of the two 
enantiomers (racemic mixtures).
Excess chirality under laboratory conditions can normally only be induced by the use 
o f  existing chirality, e.g. chiral Lewis acids generated from a Lewis acid and a chiral 
auxiliary.
Many chiral molecules are present in nature as single enantiomers, e.g. the L-amino 
acids and the D-carbohydrates, but the origin o f  this enantiomeric homogeneity still 
remains a mystery.
H.N-
COOH 
-H
CH.
L-alanine
H-
HO-
H-
H-
CHO 
-OH 
-H  
-OH 
-OH
CHjOH
D-glucose
Fig. 1.6 - Example of an L-amino acid (L-alanine) and a D-carbohydrate (D-glucose).
Many questions have arisen as to how this natural chiral excess may have begun; 
whether single isomers were created by asymmetric synthesis, or whether they began 
as racemic pairs and one o f  the isomers was eliminated. Also, i f  asymmetric synthesis 
or decomposition was responsible, what was the asymmetric agent? Was it a one o ff  
occurrence? Could the chiral excess be the result o f  chance as a result o f  an external 
effect? Some theories as to how this excess occurred in nature have been suggested 
however the extent o f  the excess does not seem to be accounted for.
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A  laboratory synthesis, unless it involves an enantiomerically pure starting material or 
reagent, will normally give a mixture o f  enantiomers. Enantiomers have identical 
chemical properties until they are placed in a chiral environment. A  way in which
is by a process called resolution.
Stereoisomers that are not mirror images o f  one another are called diastereomers. The 
physical and chemical properties o f  a pair o f  diastereoisomers are different and can be 
chiral or achiral.
These two alkenes, for example, are geometrical isomers (or cis-trans isomers) and 
are achiral.
Fig. 1.7 - Diastereoisomers that are achiral.
A  similar type o f  stereoisomerism can exist in cyclic compounds. In one o f  these 4-t- 
butylcyclohexanols the two substituents are on the same side o f  the ring, in the other, 
they are on opposite sides o f  the ring. This pair o f  diastereomers are also achiral as 
they have a plane o f  symmetry through the molecule.
chiral compounds can be isolated as single enantiomers from a mixture (e.g. racemic)
/ = \
C 0 2H
tra ns -butenedioic acid (fumaric acid) 
m.p. 299-300 oc
cTs'-butenedioic acid (maleic acid) 
m.p. 140-142 oc
OH w
cis 4- /-butylcyclohexanol trans 4- /-butylcyclohexanol
Fig. 1.8 -  Cyclic diastereoisomers that are achiral.
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Shown below in Fig. 1.9 is a pah o f  diastereomers, cis and trcins epoxides, that are 
chiral as they do not have a plane o f  symmetry. I f  a compound is chiral, it can exist as 
two enantiomers o f  each o f  the diastereomers.
At xC 0 2Me
7
O
A
enantiomers
< 3 -
Ai- C 0 2Me
Yo
diastereomers
Ai' C 0 2Me
\ 7
O
A
enantiomers
Ai* xCCLMe
v  Z
Y 7
o
Fig. 1.9 - Diastereoisomers that are chiral.
1 . 3 . 2  R e s o l u t i o n
Resolution is defined as the process whereby an optically active form o f  a 
chemical compound is separated from a racemic modification o f  the same chemical 
compound. The optically active form that is obtained need not be pure, but may 
consist o f  a mixture o f  the enantiomers in unequal proportions.
Several methods o f  resolution are available in the laboratory, but all except the first to 
be discussed require the availability o f  other pure enantiomers. The first method is the 
mechanical separation o f  enantiomeric crystals, which was fust carried out on the 
sodium ammonium salt o f  racemic tartaric acid by Pasteur in 1848.9 
Pasteur allowed the salt to crystallise in large crystals by slow evaporation o f  the 
aqueous solution. He then picked apart the two kinds o f  crystals, making use o f  the 
fact that they were hemihedric, i.e. showed dissymmetry in the crystal state. Both 
enantiomorphs had the dissymmetric facets disposed on opposite orientations and
11
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when the two batches o f  crystals were separately re-dissolved; the resulting solutions 
rotated the plane o f  polarised light in opposite directions.10 This is a tedious and 
difficult process, so other methods are employed, the two most important being 
resolution via diastereoisomeric salts or derivatives11 and resolution by enzymatic 
processes.
COO Na
I
H — C — OH
I
HO— C — H
I - +coo n h 4
sodium ammonium tartrate
Fig. 1.10 - Drawings of sodium ammonium tartrate crystals taken from Pasteur’s original sketches. 
One of the crystals is “right-handed” and one is “left-handed”.12
As already mentioned most o f  the molecules in nature are chiral, and nature usually 
produces these molecules as single enantiomers. Nature’ s enantiomerically pure 
compounds can be used to help separate the components o f  a racemic mixture into its 
two enantiomers. Resolution works because attaching an enantiomerically pure 
resolving agent to the racemic substrate converts the substrate’ s two enantiomers, 
which are not chemically different, to diastereoisomers, which are. Reaction between 
a chiral, but racemic, alcohol and an enantiomerically pure acid will give two 
diastereomeric products. Critically, diastereomers can be separated by chemical 
and/or physical methods.
12
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o
0Me
/ \ A  +
OH
separate diastereomers 
by chromatography
/ \ A  °Ma
o
enantiomerically pure 
acid
O
NaOH, H2O OH| +
OMe
O
NaOH, H2O OH H 0 2C
OMe
tw o enantiom ers obtained 
separately : a resolution has 
been accom plished
acid recovered 
and can be recy cled
Scheme 1.3 -  Resolution of a racemic alcohol.
Removal, e.g. by hydrolysis o f  the original chiral acid for each diastereoisomer after 
separation will give the two enantiomers o f  the starting alcohol, i.e. resolution 
(Scheme 1.3).
Chromatography can also be used for resolution. It relies 011 a difference in affinity 
between a stationary phase (e.g. silica) and a mobile phase (e.g. solvent). I f  the 
stationary phase is made chiral by bonding it with an enantiomerically pure 
compound, chromatography can be used to separate enantiomers. The surface o f  silica 
is covered with free OH groups, which can be used as an anchor for chiral derivatising 
agents. Enantiomers behave differently when they are placed in a chiral environment, 
which makes this method effective. Gas chromatography can be used in the same 
way; the column is packed with a chiral stationary phase such as an isoleucine 
derivative or eyclodextrins.
Difficulty in resolution can arise from unfavourable solubility relationships. Little is 
known about the conditions under which resolution is possible. Aside from the 
requirement o f  a saturated solution, resolution is only possible when the solubility o f  
each o f  the pure isomers is less than that o f  the racemic modification.
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1 . 3 . 3  P o s t u l a t e d  t h e o r i e s  o f  t h e  o r i g i n  o f  e n a n t i o m e r i c  h o m o g e n e i t y  in  
n a t u r e
Many chiral molecules are present in nature as single enantiomers, for example the 
L-amino acids and the D-carbohydrates, but the origin o f  this enantiomeric 
homogeneity still remains a mystery. What could have been the asymmetric agent 
responsible for this excess and where did its chirality first originate? These are just a 
few o f  the questions that have arisen over the years, but there is still no explanation 
that fully accounts for the extent o f  the excess. There is however a rare phenomenon 
known as total spontaneous resolution whereby a molecule formed from achiral 
starting materials is achiral in solution but becomes chiral in the solid state with 
complete enantioselectivity, often due to a chiral conformation. There are very few 
materials known to exhibit this phenomenon and the discovery o f  new ones is o f  
much interest. Is it possible therefore that if  total spontaneous resolution occurred in 
the young earth, that it could have been the chiral template responsible for the excess 
chirality in nature?
It is generally accepted that homochirality o f  the essential molecules is one o f  the 
most fundamental aspects o f  life on Earth.13 However, the question o f  the ultimate 
origin o f  dissymmetric materials in nature still remains. Understanding the formation 
o f  enantiomerically enriched products from achiral precursors without the 
intervention o f  pre-existing optical activity (namely absolute asymmetric synthesis) 
and the amplification o f  chirality continue to be challenging. For example, a seed 
crystal could have formed accidentally and spontaneously, or a pseudomoiphic 
dissymmetric crystal could have been obtained from a substance such as urea, which 
is not dissymmetric on the molecular scale but is dissymmetric in the crystalline state. 
Growth o f  predominantly one enantiomeric solid is promoted by seed crystals o f  that 
enantiomer which have been added (or happen to develop first). Even though the two 
enantiomers have equivalent free energy (Fig. 1.11), the growth o f  one may be 
kinetically induced by the presence o f  only one enantiomeric surface. (Fig. 1.12)
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energy
Fig. 1.11 -  Energy profile showing that an equal amount of energy is required to obtain each 
enantiomeric product.
Racemic mixture Addition of a seed Growth of predominantly
of both enantiomers cry stal of one enantiomer one enantiomeric solid
Fig. 1.12 -  Growth of an enantiomeric solid by seeding.
If, after seeding with one enantiomer, the mother liquor is accidentally separated from 
the enantiomeric crystals, resolution occurs. Another possibility is asymmetric 
synthesis in the presence o f  a dissymmetric physical agent such as circularly polarised 
light (CPL). CPL is chiral electromagnetic radiation and should therefore in theory, be 
able to induce absolute asymmetric synthesis.14 The basic requirement is that the
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molecules to be converted should absorb visible or U V light. Three types o f  
enantioselective conversions effected by CPL irradiation can be distinguished.
A ) Preferential photodestmction in which one o f  the enantiomers o f  a molecule is 
preferentially converted and the other remaining stereoisomer is enriched; this 
process is irreversible.
B) Photoresolution, namely a deracemisation process o f  photochemically 
interconvertible enantiomers.
C) Asymmetric photosynthesis, namely enantioselective photochemical formation o f  
an optically active compound from a prochiral starting material.
Many attempts have been made to imitate nature’ s ability to induce homochirality 
from scratch. Physical influences have been considered, such as electric or magnetic 
fields, heat, acceleration, cathode rays etc., but up until fairly recently only circularly 
polarized light seemed likely to possess the chirality needed to generate optically 
active samples.15
The theory has been well established.16 Circularly polarised light in photochemistry17 
has lead to asymmetric synthesis,18 e.g. synthesis o f  optically active hexahelicine 14 
has also been induced by this method (Scheme 1.4).19
This method involved the photocyclisation o f  1,2-diarylethylenes to dihydrohelicenes. 
The asymmetric synthesis o f  hexahelicene was earned out, starting from l-(p - 
naphthyl)-2-(3-phenanthryl)ethylene 9a, or l-(2-benzo[e]phenanthryl)-2- 
phenylethylene 9b, which were prepared by Scheme 1.4 from 7 and 8. The alkene 9a 
was irradiated for 10 h in benzene in the presence o f  iodine to give 14 (25 %). 
Irradiation o f  the alkene 9b for 6 h under the same conditions gave 14 (85 %). The 
optical yields obtained were low (< 0.20 %), but the observed optical rotations 
significant.
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ArCH3 + Ar'CH=NPh 
7 8
Ai* H
H Ar'
9a Ai* = 3-phenanthryl 
Ai*' = beta-napthyl
Ar = 2-benzo[c]phenanthryl 
Ai*' =  phenyl
9a
Irradiation and 
isomerisation
9b
Scheme 1.4 -  Asymmetric synthesis of optically active hexahelicine by circularly polarised light.
Van’ t H off also considered this as a possibility. He suggested that scattered sunlight, 
when reflected from Earth under the influence o f  its magnetic field, becomes partly 
circularly polarised with slight preponderance to the right-handed component. His 
experiments in which optically active tartaric acid and many other compounds were 
synthesised were able to confirm this hypothesis.20 Lee and Yang21 have also 
suggested the source o f  this circularly polarized light in nature. They showed that
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electrons emitted in p decay are polarized, and i f  they slow down they lose some o f
their energy by emitting y-radiation, this “bremsstrahlung”  is left circularly polarized
* « * • 00 as a result, producing optical activity.
Garay’ s experiments23 showed that i f  D and L isomers o f  tyrosine in an alkalaic 
solution, significant molecules in optical rotatory studies,24 were exposed to a source 
o f  polarised beta particles (strontium-90Y), the D isomer had decomposed more 
conspicuously than the L isomer after 18 months (Fig. 1.13). This could mean that 
beta-particle decay was involved in the selection o f  one isomer as a result o f  
asymmetric decomposition. This decomposition is an oxidation process; an 
explanation o f  this could be that when beta rays slow down they produce secondary 
electrons, which interact differently with D and L antipodes.
L -T y r o s in e  D -T y r o s ln e
12 m o n t h s
W a v e le n g t h  (mu)
Fig. 1.13 -  Decomposition of D-tyrosine in alkalaic solution upon exposure to polarised beta 
particles.23
Therefore natural sources o f  single enantiomers could have resulted from an initial 
photochemical process involving polarized light.
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Throughout the years, the stereoselective adsorption o f  one o f  the enantiomers o f  
racemic compound onto a dissymmetric surface e.g. quartz has been advocated as a 
mechanism to generate a chiral bias in nature. Many prior results have proved 
erroneous, but the experimental proof for asymmetric absorption o f  racemic amino 
acids on quartz was given by Bonner et. al.25 Selective destruction o f  one enantiomer 
from a racemic source by quartz has also been demonstrated. Schwab and his co ­
workers were the first to bring about the asymmetric destruction o f  butan-2-ol using, 
as catalysts, finely divided metals on crystals o f  D- and L-quartz. Under natural 
conditions complicated syntheses could have taken place on the surface o f  
dissymmetric crystals o f  minerals with the formation o f  optically active compounds o f  
high molecular weight. However, as the abundance o f  left- and right-handed quartz on 
the earth is equal, the preferential chiral absorption seems an unlikely mechanism to 
explain prebiotic homochirality.26 The conversion o f  a racemic system into crystalline 
products can result in separation o f  enantiomorphs. When enantiomers are in 
equilibrium during crystallisation, the entire sample can sometimes be converted to 
crystals o f  a single enantiomer without any external asymmetric agent. This is 
spontaneous resolution and is when both types o f  enantiomer are present in the same 
sample, but as individual crystals. Pincoclc used as an example, binapthyl where 
racemic binapthyl was resolved spontaneously into either o f  its optically active 
enantiomers by heating neat crystalline samples at 105-150 °C.27 
Wald28 suggested that the distribution o f  enantiomers is affected by contaminants 
such as dust particles 01* dissymmetric impurities promoting formation o f  one 
enantiomer.
Scheme 1.5 -  Spontaneous resolution of racemic binapthyl.
19
Chapter 1
1 . 3 . 4  T o t a l  s p o n t a n e o u s  r e s o l u t i o n
The only method to date which results in asymmetric induction from achiral 
starting materials without any external chiral influence is total spontaneous 
resolution.29 This phenomenon requires that enantiomers are interconvertible on the 
time scale fast compared with that o f  crystallisation. This is most commonly found 
where a molecule without a formal chiral centre, shows chirality in the solid state due 
to chiral conformation. Many organic compounds are conformationally chiral in the 
solid state, but are either racemic (where both enantiomers are present within a 
crystal), or exist as a conglomerate, where each enantiomer is present but in separate 
crystals that make up the sample.30 Examples are shown in Scheme 1.6.
mp o f  (-)/(+ ) =  272 °C 
mp o f  (± )  =  245 °C
CEL
I
CH — N R  H2SO4
C R
I
CH— N R  HSO4
C R
16
17
C6H5CH=CHCO 2h
15
CH— N R  0 2CCH=CHC6H5
mp o f  (-)/(+ ) = 165-167 °C 
m p o f ( ± ) =  145-147 °C
Scheme 1.6 -  Derivatives exhibiting conglomerate behaviour.
In the case o f  total spontaneous resolution, all crystals are completely o f  one type o f  
enantiomer rather than a mixture o f  both. This could have occurred in the young Earth 
and would account for early chiral compounds, which could then have acted as chiral 
templates.31 It also has importance in crystal engineering. This phenomenon can be 
illustrated by rac-1,1’ -binaptliyl which can crystallise in up to 95 %  ee?2
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(R)-( - ) - 1,1 '-binaphtliyl ( S)-(+ ) -1,1 '-binaphthyl
Scheme 1.7 -  Total spontaneous resolution of 1,1 ’-binaphthyl.
There is considerable experimental evidence for the random generation o f  optically 
active organic molecules. Normally, 1,1’ -binapthyl solidifies as a conglomerate o f  R- 
(-) or S-(+) enantiomers. However constant stirring produces a random ee (ca. 77 
% ).33 Optically inactive substances normally need the intervention o f  some chemical 
or physical-resolving agent to develop optical activity. At least some influence o f  an 
external polarizing agent is considered necessary even to partially resolve a racemic 
substance into its enantiomers. However, spontaneous generation o f  optical activity 
without any chiral bias has been observed in the spontaneous resolution o f  various 
racemic compounds and in the preferred crystallisation o f  one or two rapidly 
interconverting enantiomers from solution.34
A  substance is spontaneously resolved when crystallisation o f  a racemate leads to the 
formation o f  a conglomerate. Examples o f  such resolutions have been described by 
Pasteur35 and that o f  asparagine by Puitti.36
Sublimation o f  a racemic sample o f  a tetracyclic alcohol 18 (Fig. 1.14) has been 
shown to produce optically active crystals.37 It was thought that the racemate should 
exhibit the spontaneous resolution prior to sublimation. However, the absence o f  
crystals in the crude product meant they were unable to establish that the product was 
a conglomerate.
21
Chapter 1
18
Fig. 1.14 - Example of a tetracyclic alcohol known to produce optically active crystals.
The normally entropically disfavoured generation o f  optical activity is made possible 
by the enthalpy gained in going from a homogeneous to a heterogeneous system. It 
was, for example, shown that NaC103, known to form chiral crystals, gave when 
strong stirring was used, crystals showing exclusively one optical rotation.38 
Tanaka39 observed a unique example o f  racemic to chiral transformation by exposing 
racemic crystalline tetra(/?-bromophenyl)ethylene 19 to p-xylene, a gaseous achiral 
guest compound, to give chiral inclusion crystals in the solid state. The chirality 
remained even when the /?-xylene was driven off.
Me
Me
p -xylene vapour
gas-solid
Br
1:1 inclusion ciystal
Scheme 1.8 -  Conversion of racemic crystalline tetra(p-bromophenyl)ethylene into chiral inclusion 
crystals in the solid state by. contacts with gaseous achiral guest compounds.
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1.4 Pericvclic Reactions
1 . 4 . 1  C y c l o a d d i t i o n s
Pericyclic reactions are concerted reactions that occur in one step via a cyclic 
transition state. Several bonds are being made or broken simultaneously. There are 
four types o f  pericyclic process, electrocyclic reactions, sigmatropic rearrangements, 
cheletropic reactions and cycloadditions.
Cycloadditions are reactions in which two unsaturated molecules combine to form a 
cyclic compound, with n electrons being used to form two new or bonds. They are 
classified according to the number o f  tt: electrons participating in each reacting 
molecule, either 4n or 4n + 2 where n is an integer. An example o f  4n + 2 
cycloaddition is the Diels-Alder reaction.
1 . 4 . 2  D i e l s - A l d e r  r e a c t i o n
The Diels-Alder reaction is one o f  the most important and versatile transformations 
available to organic chemists for the construction o f  complex natural products and all 
kinds o f  synthetic materials.40 A  classic example o f  this type o f  reaction is between 
butadiene and maleic anhydride (Scheme 1.9).
+
Scheme 1.9 -  Diels-Alder reaction between butadiene and maleic anhydride.
It is a 4n + 2 cycloaddition since it involves a system o f  4 t i electrons and a system o f  
2 tc electrons. The reaction occurs between an allcene or alkyne, the dienophile, and a 
conjugated diene resulting in the formation o f  an adduct with a 6-membered ring. The 
two new a  bonds are created at the expense o f  2 tt bonds in the starting materials. A
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good dienophile will bear electron withdrawing functional groups; a good diene, 
electron donating groups to enhance reactivity. The reaction is usually an easy process 
with the formation o f  C-C bonds, hence its synthetic utility. One reason that the Diels- 
Alder reaction goes so well is that the transition state has six delocalised n electrons 
and thus is aromatic in character, having some o f  the special stabilisation o f  benzene. 
Its utility in synthesis also arises from the regiospecific and stereospecific course it 
follows. There are several aspects to the stereochemistry o f  the Diels-Alder reaction:
1) The diene must have the s-cis conformation, which permits the ends o f  the 
conjugated system to reach the doubly bonded carbons o f  the dienophile. The ‘ s’ 
refers to a cr bond and indicates conformation about a single bond and not 
configuration about a double bond.
2) With respect to the alkene (dienophile), addition is syn; this stereoselectivity is part 
o f  the evidence that the Diels-Alder reaction is indeed a concerted one, that is, that 
both new bonds are partly formed in the transition state.
3) Cyclic dienes may give endo or exo products, i.e. have substituents directed inside 
or outside the ring respectively. However the endo product is preferred, which is in 
fact the thermodynamically less stable one. According to Frontier Molecular Orbital 
Theory,41 it is preferred because there is a secondary bonding interaction between the 
carbonyl groups o f  the dienophile and the developing n bond at the back o f  the diene.
Scheme 1.10 -  Secondary bonding interaction of the carbonyl groups of the dienophile and the 
developing n bond at the back of the diene.
2o
.0
24
Chapter 1
The two H atoms must be cis in the product. There are two possible products in which 
they are cis. These are exo and endo.
Fig. 1.15 -  Endo and exo products of die Diels-Alder reaction between cyclopentadiene and maleic 
anhydride.
These names arise from the relationship in space between the carbonyl groups on the 
dienophile and the newly formed double bond in the middle o f  the old diene. I f these 
are on the same side they are called endo (inside), and i f  on opposite sides they are 
exo (outside). Endo is preferred in irreversible Diels-Alder reactions, which must be 
the kinetic product. Exo is preferred in the reversible reaction, which must be the 
thermodynamic product.
1 . 4 . 3  O r b i t a l s
Pericyclic reactions and the rate at which they occur are controlled by orbital 
interactions, according to FMO theory.41 This depends on the degree o f  interaction 
between the HOMO o f  one component and the LUMO o f  the other. There will be 
better overlap i f  the energy gap between these orbitals is small so the reaction is more 
likely to proceed at a faster rate.
This is illustrated in Fig. 1.16 where the main interaction is between the HOMO o f  the 
diene and the LUMO o f  the dienophile. The dienophile LUMO energy can be lowered 
by conjugating the double bond with an electron-withdrawing group, therefore 
narrowing the energy gap between orbitals and enhancing reactivity. Similarly 
electron-donating substituents on the diene will raise the energy level o f  the HOMO 
encouraging better overlap o f  orbitals resulting in a faster reaction.
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Fig. 1.16 — Energy level diagram of the interaction between the HOMO of the diene and the LUMO of 
the dienophile.42
In the Diels-Alder 4 + 2 cycloaddition, the 4n electrons, and the 2n electrons are the 
only electrons directly involved. I f  the interacting lobes o f  the frontier orbitals are o f  
like sign, there is no impediment to the continuous development o f  overlap.
HOMO o f  butadiene 
LUMO o f  ethylene
LUMO o f  butadiene 
HOMO o f  ethylene
Fig. 1.17 - Overlap of the frontier orbitals of a Diels-Alder reaction. The dashed lines identify the 
bonding overlap which can develop as the reaction proceeds.
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This is a symmetry allowed reaction. When the cycloaddition o f  ethylene and maleic 
anhydride is examined, [2+2] cycloaddition, the frontier orbitals have an antibonding 
interaction where one o f  the new bonds is to be made. Thus a concerted reaction o f  
this type is not favoured and is a symmetry-forbidden reaction. This means the 
interaction o f  the orbitals presents an energy barrier which the allowed reactions do 
not have.
LUMO o f  ethylene 
antibonding interaction 
HOMO o f  ethylene
Fig. 1.18 - Overlap of the frontier orbitals for a [2 + 2] cycloaddition. The dashed line represents the 
only bonding overlap which could easily develop.
There is the possibility o f  overlap developing as below (Fig. 1 !9 ) . When two new 
bonds are formed on opposite sides o f  a n bond, this process is antarafacial.
The dashed lines represent an 
] LUMO o f  ethylene antarafacial process on this
f component.
HOMO o f  ethylene The dashed lines represent a
suprafacial process on this 
component.
Fig. 1.19 - Overlap of the frontier orbitals for a [rc2a + t t 2 s ]  cycloaddition. The dashed lines identify 
the bonding overlap which could develop as the reaction proceeded.
When bonds are formed on the same side o f  a tc bond the process is suprafacial.
The [7t2a + tc2 s]  cycloaddition is one in which smooth bonding overlap could, in 
principle, develop between the frontier orbitals as the reaction proceeded, however, 
the reaction is not observed. This is because, although the orbitals have the right 
symmetry, it is geometrically very difficult for these lobes to overlap. Two atomic
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orbitals must have the appropriate symmetry to combine and for this reason symmetry 
is important.
1 . 4 . 4  S o l v e n t s
The Diels-Alder reaction does not need a solvent, but i f  used it tends to act as a 
simple dilutent. Hydrocarbon solvents are best given that typical dienes and 
dienophiles are themselves hydrocarbons. In certain cases an aqueous compared with 
a non-aqueous solvent has been shown to accelerate the reaction quite dramatically 
(Scheme 1.11). It has been suggested that the rate accelerations in these reactions are 
due to hydrophobic interactions which bring the components together into close 
proximity, at the same time favouring the “ tighter”  endo transition state1 and ‘ solid5 
surface induced reactions may act similarly.
r
R
R = COCH3,CN
c h 2o h
+ NEt
Scheme 1.11 -  Example of reactions that are catalysed by water due to hydrophobic interactions.
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1 . 4 . 5  S a l t  e f f e c t  o n  t h e  D i e l s - A l d e r  r e a c t i o n
Salt solutions have pronounced influences on rates and stereoselectivities o f  Diels- 
Alder reactions,43 and effects o f  aqueous LiCl, LiC104 and guanidinium chloride have 
been demonstrated by Breslow and co-workers.44 It was shown by Pawar et a/.,45 that 
the endo/exo ratios for the reaction o f  cyclopentadiene 21 with methyl methacrylate 
22 increased in aqueous LiCl, NaCl, NaBr and CaCl2, while LiC104 and guanidinium 
chloride (GnCl) lowered them. This was o f  interest because it had earlier been shown 
that this in organic solvents yielded more exo product 24 than endo 23.46
J  *■ /XTZ-Me + f 4 ~ 5 Z c 0 2M e
Me CO,Me ! I
C 0 2Me Me
21 22 23 24
Scheme 1.12 -  Diels-Alder reaction of cyclopentadiene with methylacrylate.
The possibility o f  altering the endo/exo ratio o f  the methyl methacrylate reaction with 
cyclopentadiene in salt solutions has also been explored,47 and CaCl2, Na2S04, KC1 
and LiCl were found to enhance the amount o f  endo product in that order. Salt CaCl2 
is the most effective one and the amount o f  endo can be increased by 1.3 times in a 
1.5 M  CaCl2 solution. Conversely, guanidinium chloride (GnCl) and LiC104 
increased the amount o f  exo product, LiC104 being the most effective.
The changes in endo/exo ratios and rates o f  Diels-Alder reactions in salt solutions are 
attributed to the salting-out and -in  phenomena.48 Salts CaCl2, Na2S 0 4, NaCl and 
LiCl are salting-out agent which lower the solubilities o f  the diene and dienophile as 
compared to the solubilities in water as there is less empty space available to 
accommodate them. Salts GnCl and LiC104 show strong solute-solvent interactions 
leading to a salting-in effect.
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In general guanidinium salts inhibit the rates and endo/exo ratios o f  Diels-Alder 
reactions.49 However, an abnormal effect has been recorded by Kumar50 in that 
guanidinium sulphate (GJI2SO4) increases the rates and endo product formation o f  the 
reaction between cyclopentadiene and methyl acrylate in contrast to other 
guanidinium salts such as, GnCl, GnBr, CH3COOG11, G11CIO4 which reduce it. Since 
the guanidinium cation is common in all the salts, this effect has been attributed to 
anions. As before, the variations in reaction rates and endo products are explained to 
the salting-out and salting-in phenomena 48 GnCl, GnBr, GnOAc and G11CIO4 act as
salting-in agents while G112SO4 acts as a salting-out one. A  strong salting-out anion
2 . . . .  
such as S 0 4 " will over compensate the salting-in tendency o f  the guanidinium cation
thereby leading to a positive effect on rates and endo products in Gn2S04.
1 . 4 . 6  L e w i s  A c i d  c a t a l y s i s  
Many Diels-Alder reactions in solution are accelerated by Lewis acid catalysts such
* c i
as S11CI4, BF3, AICI3, TiCl4. There are also increased regio- and stereo- selectivities 
over the uncatalysed reactions. Thus, in the reaction o f  methyl vinyl ketone with 
isoprene the proportion o f  para adduct increases from 71:29 in the uncatalysed 
reaction to 93:7 in reaction catalysed by tin (IV) chloride. Many other examples o f  
this effect have been recorded.52 Similarly, in the addition o f  acrylic acid to 
cyclopentadiene the proportion o f  endo adduct increased noticeably in the presence o f  
aluminium chloride.53
Most often stoichiometric, amounts o f  the Lewis acid catalyst are used. The catalysts
need groups to coordinate to the C =0  o f  the dienophile in order to activate the system
54
and accelerate the reaction-
Chiral Lewis acids, generated from a Lewis acid and a chiral auxiliary have been
55
extensively used as catalysts for asymmetric Diels-Alder reactions- 
High selectivity in favour o f  the pyranose 27 was achieved when 2-acetoxy-l- 
menthyloxy-3-(trimethylsiloxy)butadiene 25 was reacted with benzaldehyde with 
chiral shift reagent tris[3-(heptafluoropropylhydroxymethylene)-(+)-camphorato] 
europium (III) 26 as the catalyst (Scheme 1.13).
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OR Ph. O „OR
AcO Eu(hfc) 3
M e 3SiO"'"^
+ PhCHO
O
26
100 % ee
R = /-menthyl 86 %  de
25 27
Scheme 1.13 -  Reaction of 2~acetoxy-l-menthyloxy-3-(trimethylsiloxy)butadiene with benzaldehyde 
using Eu(hfc)3 as catalyst.
This method o f  asymmetric induction by the chiral catalyst/chiral auxiliary 
combination was successfully applied to the synthesis o f  optically pure L-pyranose. 
Reaction o f  the diene 25 and furfural 28 was mediated by Eu(hfc)3 to afford a 
cycloadduct 29, which when treated with triethylamine/methanol yielded the optically 
pure pyranose ketone ( 7 5  % ) . 56
Scheme 1.14 -  Reaction of diene 25 with furfural 28.
The earliest work published in 1 9 7 6  used the complex o f  (-)-menthyl ethyl ether- 
boron trifluoride as a chiral Lewis acid catalyst in the reaction o f  cyclopentadiene and 
methyl acrylate. Low enantioselectivity ( 3 %  ee) o f  the endo product was obtained.57 
Koga et al have since achieved much better results. The catalyst 
menthyloxyaluminium dichloride 30, obtained from the optically active alcohol and
O
100 % ee 74 %  deR = /-menthyl
25 28 29
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ethyl aluminium dichloride, influenced the reaction o f  2-methyl-2-propenal 31 and
58
cyclopentadiene 32 to give the exo-adduct 33 in 72 % ee.
> f t X > A l C L
I
72 % ee
31 32 33
Scheme 1.15 -  Reaction of 2-methyl-2-propenal and cyclopentadiene promoted by catalytic 
nienthylaluminium dichloride.
Atropisomeric compounds whose chirality is due to a rotationally restricted aryl- 
CONR2 bond may be employed as chiral auxiliaries. This has been demonstrated by 
Clayden59 in a series o f  publications showing atropisomeric tertiary aromatic amides 
34 are capable o f  inducing high levels o f  stereoselectivity.
34
Fig. 1.20 -  Example of a tertiary aromatic amide employed as a chiral auxiliary.
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1.5 Pit state adsorption conditions (PSAC) v s , conventional liquid phase 
conditions (LPC)60
In 1988, Veselovsky et. al. developed a new method for effecting [4+2] 
cycloadditions on the surface o f  chromatographic adsorbents in the absence o f  
solvents, leading to a moderation o f  the reaction conditions and an increase in 
selectivity. It was shown that the Diels-Alder reaction could be effectively promoted 
by using adsorbents as a reaction medium. Also, unexpectedly they found that the use 
o f  dry state adsorption conditions (DSAC), where the reagents are adsorbed onto a 
solid rather than conventional liquid phase conditions (LPC) had a positive effect on 
the rate o f  the bimolecular Diels-Alder reaction. An equimolar mixture o f  myrcene 35 
and methylvinyl ketone 36 (Scheme 1.16) applied to silica gel in the ratio 
Si02:(35+36) from 10 to 20:1 at 50 °C for 5 h produced the Diels-Alder adduct 37, 38 
in 70 %  yield compared with LPC needing conditions o f  140 °C for 5 h.60
M ev Me O
© Me
35 36
M e ^ ^ ^ M e
Scheme 1.16 -  Reaction between myrcene and methylvinyl ketone.
When the silica gel was activated by drying at 200 °C for 6 h, the DSAC reaction 
proceeded rapidly within 1 h at 20 °C. The rate o f  conversion at 20 °C was dependent 
on the ratio S i02: (35+36) and complete conversion was achieved within lh  for a ratio 
o f  10:1 to 20:1 whereas a ratio o f  2:1 or 50:1 lowered the conversion for 1 h to 20-50 
%.
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In addition to rate enhancement, an improvement in the regioselectivity o f  the 
cycloaddition was also observed. The adduct formed from DSAC was mainly (>95-97 
% ) o f  para isomer whereas LPC produced a 5:1 ratio61 o f  para and meta isomeric 
adducts. Similar results were seen for [4+2] cycloadditions o f  isoprene, butadiene,
2,3-dimethylbutadiene, and 1,3-cyclohexadiene with acrolein, methacrolein or 
crotonaldehyde. The reaction carried out between acrolein and 1,3-cyclohexadiene 
under DSAC on S i02 produced 70 % o f  the endo adduct only, after 5 h at 20 °C. For a 
range o f  dienes and dienophiles the paper reported that less than 3-5 %  o f  the meta or 
exo isomers were formed, compared with 20-40 %  when the reaction is performed 
under conventional LPC.60 However the reaction needs to be explored further since 
most references (e.g., ref. 62) quote that no more than 10 %  o f  exo isomer is normally 
formed for the acrolein/1,3-cyclohexadiene reaction whatever the conditions.
Zeolites (crystalline alumosilicates) are widely used as catalysts and are structurally 
unique in having cavities or pores with molecular dimensions as part o f  their 
crystalline structure, which bear catalytic sites. They have the general formula 
{[M 11+]x/n-[H20 ]m} { A 102]x[Si02]y}x' where M n+ cations and H20  molecules bind 
inside the cavities, or pores, o f  the Al-O-Si framework. Some zeolites where M = H+ 
are very strong acids catalyse the isomerisation o f  m-xylene 39 to p-xylene 40. 
(Scheme 1.17).
CH3
39 40
Scheme 1.17 - The use of zeolite as a catalyst for the isomerisation of w-xylene to p-xylene.
Zeolites are very selective toward certain reactants and products because only 
molecules o f  certain sizes can enter and exit the pores in which catalysis occurs. They 
derive their selectivity from the ability to bind and stabilise only transition states that 
fit properly in the pores.
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1.6 Guest binding properties of a bisresorcinol derivative of anthracene 
in the crystalline state
While some studies o f  catalysis by inorganic solids o f  the Diels-Alder reaction have 
been reported, studies involving organic solids are much rarer. Aoyama5 prepared a 
bisresorcinol derivative o f  anthracene in the crystalline state and looked at the guest 
binding, molecular recognition and molecular alignment properties o f  this compound. 
The structure is reported to be a molecular sheet o f  hydrogen-bonded polyresorcinol 
chains and anthracene columns with cavities able to incorporate two alkyl benzoate 
molecules in a highly selective maimer via a combination o f  host-guest hydrogen- 
bonding by the so-called cavity-packing effect. The geometry o f  the cavity was said to 
be dependent on the fit o f  the guest structures by manipulation o f  the intramolecular 
and the intermolecular conformation (tilt angle between two hydrogen-bonded 
resorcinol rings) o f  compound 41a as well as sheet-to-sheet distance. The adducts 
41a.42 (guest) can also be obtained by solid-state guest binding. They undergo an 
induced fit binding to a guest molecule, where crystallinity is maintained, 
hi molecular crystals intermolecular interactions are usually weak so molecules in 
crystals are packed so as to leave a minimal volume o f  empty space or cavity. 
However, i f  the intermolecular interaction is multidirectional and strong enough, the 
resulting interaction-network might govern the crystal structure; any empty cavities 
would be filled with appropriate guest molecules. Hydrogen-bonding can be used as a 
tool for controlling crystal structures.
An anthracene derivative having two resorcinol moieties (Fig. 1.21) forms a network 
o f  four symmetrically-arranged hydrogen-bonding sites (X ) in a plane perpendicular 
with respect to an appropriate aromatic spacer (S) and the supramolecular cavities 
generated show solid-state guest-binding behaviour. Fig. 1.22 shows the 
schematically expected crystal structure o f  such a network.
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°*C'0R
6
41a :R  = OH 
41b : R = CH3
Fig. 1.21
42a : R = CH3 
42b : R = CH2CH3 
42c : R = CH2CH2CH3 
42d : R = CH(CH3)2 
42e : R = CH2CH2CH2CH3 
42f : R = CH2CH(CH3)2 
42g : R = C(CH3)3
Fig. 1.22 -  Schematic representation o f an extensive hydrogen-bonded network.
Compound 41a was found to be insoluble in hydrocarbons or halomethane solvent 
and slightly soluble in more polar solvents, for example, aromatic and aliphatic esters. 
The crystals contained two molecules o f  solvent per mole o f  host 41a in every case. 
By contrast, recrystallisation o f  a tetramethyl reference compound 41b R=CH3 gave 
homocrystals without incorporation o f  solvent.
The anthracene and resorcinol rings in 41a are almost perpendicular* (anthracene- 
resorcinol dihedral angles at cp = cp’ =  89.8°). The OH groups in the two neighbouring 
molecules o f  41a form a hydrogen-bond (O-H-O-H), leaving one OH~proton free. The 
0 - 0  distance is 410-0 — 2.7A. The two resorcinol rings linked by the hydrogen-bond 
are not coplanar with a tilt angle o f  cp = 43.85° so the two anthracene rings are not 
parallel, the tilt angle being 43.85-2(90-89.8) = 43.45°. Extension ofthe hydrogen-
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bonding leads to a molecular sheet composed o f  zigzag-arranged hydrogen-bonded 
polyresorcinol chains and parallel aligned anthracene columns. These crystal structure 
parameters suggest potential use o f  this type o f  porous crystalline solid as a new class 
o f  receptors, catalysts and adsorbents, an organic equivalent o f  the inorganic porous 
materials such as zeolites.
Each supramolecular cavity has two (nearly) orthogonal anthracene rings as a ceiling 
and a floor and two polar walls, in the left and right, composed o f  four pairs o f  
hydrogen-bonded OH groups (O-H-O-H) o f  the host. The front and rear sides o f  the 
cavity are covered by the resorcinol moieties o f  neighbouring sheets. The carbonyl 
oxygen atoms o f  the guest are hydrogen-bonded to the free OH-protons o f  the host. 
Anthracenebisresorcinol has been synthesised in this work in order to test its influence 
on the Diels-Alder reaction. Its preparation involves the reaction between 5-chloro-
1,3-dimethoxybenzene with magnesium metal to produce a Grignard reagent. This 
can then be coupled to 9,10-dibromoanthracene followed by demethylation and 
aqueous work-up to yield the product. Some important aspects o f  the synthesis are 
discussed below.
1.7 Grignard Reagents
1 . 7 . 1  O r s a n o m a m e s i u m  c o m p o u n d s
Generally, Organomagnesimn compounds are mostly in the form o f  Grignard 
reagents (RM gX) for synthesis.63 Grignard reagents are normally prepared by reaction 
o f  magnesium with organic halides in either diethyl ether or tetrahydrofuran solvent. 
(Scheme 1.18).
RX  + Mg -> RM gX
Scheme 1.18 -  Preparation of Grignard reagents.
Diethyl ether is normally used, but tetrahydrofuran, for which the electron donor 
ability is higher than for ethyl ether, is suitable for the less reactive aryl halides, vinyl
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halides and chlorides in general. The solvating ability o f  hydrocarbons such as 
benzene and toluene is low for Grignard reagents and they are mixed with ether or 
tetrahydrofuran if  necessary. The solvents and alkyl halides must be dried thoroughly, 
and a new surface o f  magnesium should be exposed, before the reaction starts 
(magnesium is covered with a protective oxide surface). Solid metal surfaces are 
complex and reactions tend to take place at imperfections in the crystal lattice or at 
sites where impurities are present. The most reactive form o f  magnesium is produced 
by the Rielce method,64 which involves reduction o f  magnesium chloride with 
potassium, lithium or sodium in tetrahydrofuran. (Scheme 1.19)
MgCl2 + 2M -»  M g + 2MC1
M  = Li, Na, IC
Scheme 1.19 -  Rieke method of activating metals for Grignard reactions.
In Grignard reactions, iodine is used as a reaction initiator, and other reagents, such as 
1,2-dibromoethane and methyl iodide, are also used.65 Another approach is the 
activated metal method, which consists o f  activation o f  the magnesium by chemical 
reaction or by reduction o f  the size o f  the metal particles or exposing fresh surfaces.65 
Numorous procedures can be used to activate the surface o f  magnesium although it is 
not known whether they work by cleaning or etching the metal surface, or whether the 
formation o f  some intermediate reactive magnesium compound is involved. The 
Gilman catalyst66 is a combination o f  magnesium and iodine and is a well known 
example o f  the chemical activator type. Activation by “ entrainment”  is a method 
whereby an otherwise unreactive organic halide is caused to react with magnesium in 
the presence o f  a reactive halide such as iodomethane or bromoethane.67 
Kharaseh and Reinmuth656 found that the yields obtained from the typical entrainment 
method were not particularly good. D. E. Pearson et al.68 have made modifications to 
the methods to improve the yield and also shown the utility o f  1,2-dibromoethane as 
an entrainment agent. In this case the by-products are magnesium bromide and ethene.
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A  Grignard reagent is not simply RM gX in ether, it undergoes the Schlenk 
equilibrium as shown in the following equation (Scheme 1.20).
2RMgX R2Mg + MgX2 ^ ---------- R2Mg.MgX2
Scheme 1.20 -  Schlenlc equilibrium.
The Schlenlc equilibrium varies according to the difference in the organic group, 
halogen, solvent, concentration, and temperature. In diethyl ether, the major 
component is RM gX, whereas in THF the components are R2Mg:MgX2i2RMgX = 
1:1:2.
The reactivities o f  organic halides towards magnesium metal are in the order,
The formation reaction o f  Grignard reagents proceeds as shown in Scheme 1.21:
electron transfer
RI>RBr>RCl
Athough the order o f  yield is generally,
RCl>RBr>RI
R X  + M g >  R X a + M g +
RX, solvent H
RH «<- R* + X
X M g c  R M gX
RX
R-R
R « + M g X 2
XMg«.
M g X 2 +  M g
Scheme 1.21 -  Formation of Grignard reagents.
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The main features o f  the mechanism involve electron transfer from magnesium metal 
to the organic halide to form an anion radical. Initial attack o f  magnesium being on 
the halogen atom rather than the carbon o f  the alkyl halide. The anion radical 
separates into an organic radical and a halogen anion. Magnesium becomes a radical 
cation by electron transfer, and it bonds with a halogen anion to give XMg.
Furthermore, it couples with the organic radical R* to form RM gX by radical 
coupling. The proof that the reaction proceeds in this way was given by CIDNP 
(Chemical Induced Dynamic Nuclear Polarisation) in 1972 by Bodewitz et. al,69
1 . 7 . 2  C o u p l i n g s  u s i n g  G r i g n a r d  r e a g e n t s
The most important reactions involving Grignard reagents are the syntheses o f  
secondary or tertiary alcohols by addition to carbonyl groups o f  aldehydes and 
ketones. Acid chlorides, acid anhydrides, esters and nitrites react with excess 
Grignard reagent to give ketones first, which then go on to give tertiary alcohol. The 
reactivity towards Grignard reagents is as follows;
Acid chlorides>aldehydes>ketones>acid anhydride>esters>nitriles
Grignard reagents are not available for substitution reactions towards unsaturated 
compounds since the reactivities o f  the Grignard reagents are low.
In the presence o f  transition metal compounds, the oxidative addition and reductive
]
elimination as the representative reactions o f  the transition metal catalyst proceeds.
The reaction with halides is as follows;
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Oxidative addition 
RX + M  ► R-M -X
Transmetalation
T
R -R ’ + M  M------------------------  R -M -R ’
Product reductive elimination
Scheme 1.22 -  Representative reactions of transition metal catalysts with halides.
Grignard reagents give the organic group to the transition metal by transmetalation 
after oxidative addition. The organotransition metal compounds (R -M -R ’ ) are very 
labile, immediately decompose (reductive elimination) to yield the desired coupling 
products and the transition catalysts are regenerated.
1 . 7 . 3  N i c k e l - P h o s p h i n e  c o m p l e x - c a t a l y s e d  G r i g n a r d  c o u p l i n g 70
The solid anthracenebisresorcinol has been shown to influence the velocity o f  the 
Diels-Alder reaction, but its effect on stereoselectivity is not clear. This solid is to be 
prepared in this thesis in order to investigate this. The preparation involves a Grignard 
coupling o f  5-chloro-l,3-dimethoxybenzene with 9,10-dibromoanthracene followed 
by demethylation. One o f  the most useful ways o f  forming the C-C cy bond is the 
metal-promoted coupling reaction o f  organic halides.71 Low valent transition metals 
and organotransition metallics are important coupling agents for this process. 
Reactions o f  organolithium and Grignard reagents with transition metal salts also 
provide a route to the formation o f  C-C bonds although stoichiometric amounts o f  
transition metals are needed which is a disadvantage. Catalytic amounts o f  transition 
metal salts induce the coupling reaction o f  Grignard reagents with organic halides.72 
Many coupling reactions o f  transition metal catalysed Grignard reactions with organic 
halides have been studied. These transition elements are Fe, Co, Ni, Pd, Cu and Ag 
and each has its own characteristics. Representive catalytic actions are as follows: 
silver is for alkyl-alkyl homo-coupling, copper is for cross-coupling, nickel and iron
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are for cross-coupling containing an unsaturated halide such as alkenyl and aryl 
halide.73 Dihalophosphine niclcel(II) complexes show extremely high catalytic activity 
for selective cross-coupling o f  Grignard reagents with aryl and alkenyl halides.
For alkyl and simple aryl Grignard reagents, the most effective catalyst is 
[N i{(C 6H5)2P(CH2)3P(C6H5)2}C l2]. Diethyl ether is favoured over THF as solvent.
In particular, Kumada,74 has studied metal complexes centred aroimd hickel- 
phosphine complexes (M L2CI2).
An example o f  a reaction using a nickel catalyst is as follows: (Scheme 1.23)
[Ni(dppp)Cl2]
PhCl + RM gX  ► Ph-R (> 95 %)
R = Me, Et, Pr, CgHi i 
dppp = Ph2P(CH2)3PPh2
Scheme 1.23 -  Coupling reaction using a nickel catalyst.
hi the transition metal catalysed asymmetric Grignard coupling, Kumada proposed a 
reaction mechanism in which the active site is the organotransition metal compound 
(R-M -R ’ ) which can be obtained by the reaction o f  organotransition metal compound 
with the Grignard reagent.
In 1972, Corriu and Masse,75 and Tamao et al.14 also reported that nickel-phosphine 
complexes catalyse the selective cross-coupling o f  Grignard reagents with aryl and 
alkenyl halides.
This nickel-phosphine complex-catalysed Grignard-coupling has allowed a wide 
variety o f  unsaturated organic compounds to be prepared from two different organic 
halides.76 Tamao et. al.10 discussed the general scope and limitations o f  this type o f  
cross-coupling. The catalytic process o f  the cross-coupling reaction can be seen in the 
following diagram (Scheme 1.24).
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MgXX'
2RMgX
L2N iX2
43
L2NiR2
44
2M gX2
Scheme 1.24 - Mechanism of the Ni-phosphine catalysed asymmetric Grignard cross-coupling, (L 
phosphine).
Grignard reagents react with transition metal compounds to give the active 
intermediates (R-M-R). Then the intermediates react with organic halides to produce 
the oxidative addition product (R-M -X) then the reaction proceeds continuously as 
shown in the scheme.
Two organic groups on a nickel complex L2N1R2 are released by the action of, for 
example, a halobenzene R ’X ’ to undergo coupling, along with the formation o f  
L2N i(R ’)- (X 5) and such a halogen-nickel bond is readily replaced by a Grignard 
reagent to form the corresponding organoniclcel bond, L2N i(R ’ )(R). Thus, a di 
halodiphosphinenickel 43 reacts with a Grignard reagent to fonn the intermediate 
diorganonickel complex 44 which is subsequently converted to the halo(organo)nickel 
complex 45 by an organic halide. Reaction o f  45 with the Grignard reagent then forms 
a new diorgano complex 46 from which the cross-coupling product is released by the 
attack o f  the organic halide, via the penta-coordinated intermediate 47, and thereby 
the original complex 45 is regenerated to complete the catalytic cycle. The catalytic 
activity o f  the nickel complexes depends strongly upon the nature o f  the ligands. This 
ligand dependency indicates that a catalytically active species does contain phosphine 
ligands on nickel. It has also been observed that organolithium reagents cannot be 
used in place o f  the corresponding Grignard reagents in the coupling reaction,77
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therefore it seems that magnesium moieties o f  the Grignard reagents play an 
important role in the high yield, selective cross-coupling reaction.
1.8 Catalysis of the D-A reaction with magnesium perchlorate in 
CHiCk78
Organometallic or inorganic Lewis acids are commonly used for catalysis o f  D -A 
reactions especially where the dienophile is a carbonyl compound. Such Lewis acids 
are often only partly soluble but whether catalysis is due solely to the dissolved Lewis 
acid, or there is a contribution from the solid is rarely clear. Where the inorganic solid 
does dissolved frilly, studies are more straightforward.
It is known that inorganic perchlorates in organic solvent solutions can influence 
reactivity and selectivity o f  some pericyclic reactions79 and catalysis by these 
solutions is seen in those D -A  reactions that are known to be affected by electrophilic 
solvent effects.80 This catalysis is homogeneous, i.e. it involves dissolved Mg(C104)2- 
However, the possibility o f  catalysis, i.e. by heterogeneous solid M g(C 104)2 will be 
investigated in this thesis.
Organic solvents play a large role in rate acceleration o f  these reactions. The metal 
ion efficiency is decreased by strong polar and basic solvents. The nature o f  the metal 
cation is also important, magnesium being the most active cation and sodium a less 
active one.79 Interaction between the metal cation and substrate are important because 
the metal cation behaves as a Lewis acid.81 Typically, magnesium perchlorate 
coordinates to the dienophile. This lowers the dienophile LUMO energy therefore 
narrowing the energy gap between orbitals and accelerating the reaction. The main 
interaction is between the HOMO o f  the diene and-the LUMO o f  the dienophile.
The product is easily displaced from the complex to allow the cycle to be repeated, 
providing it has a lower affinity for the cation than the starting reagent.
A  kinetic study o f  the D -A  reaction between 2-(4-chlorobenzylidene)malonic acid 
dimethyl ester 48 and cyclopentadiene 49 in the presence o f  catalytic amounts o f  
magnesium perchlorate was earned out.78 As control, the reaction using benzene 
solvent over 20 days at 120 °C gave 72 % yield o f  endo/exo 50 in the ratio 1:2. 
(Scheme 1.25).
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OMe
*  o
48 49 50
Scheme 1.25 -  D-A reaction between 2-(4-chlorobenzylidene)malonic acid dimethyl ester 48 and 
cyclopentadiene 49 in the presence of catalytic amounts of magnesium perchlorate.
When performed in dichloromethane with 0.5 equivalents o f  magnesium perchlorate a 
quantitative yield was obtained at room temperature within 30 minutes with a ratio o f  
3:1 endo/exo. The reason for this acceleration was explained as due to the specific 
coordination o f  the M g2+ cation with the 1,3-dicarbonyl 48 to give the complex 51 as 
in Scheme 1.26.
Complex 51 then reacts with cyclopentadiene (kf) resulting in a complex where the 
cycloadduct is coordinated to the cation. On further addition o f  48, 50 is displaced 
into the reaction mixture (Scheme 1.26). The rate-determining step o f  the overall 
catalytic process is the D -A  cycloaddition (/c2).
C 0 2Me 
Ar
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48 + 48 + M g2+ 
k \
V
48 50
Scheme 1.26
1.9 Asymmetric synthesis
1 . 9 . 1  A s y m m e t r i c  s y n t h e s i s  v i a  r e a c t i o n s  in  c h i r a l  c r y s t a l s
The utilization o f  chiral crystals to achieve asymmetric synthesis was considered as 
early as 1908 but despite this, only a few genuine absolute asymmetric syntheses are 
known today. Processes in which the crystalline lattice determines the course o f  the 
reaction have been termed topochemically-controlled reactions. Asymmetric synthesis 
through reactions in chiral crystals involves two aspects: generation o f  chiral crystals, 
and performance o f  topochemically controlled, solid-state reactions, which yield
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chiral products. Chiral compounds which have defined stereogenic centres always 
crystallise in chiral space groups, but also a number o f  compounds achiral at the 
molecular level are known to form chiral crystals.83 Most achiral molecules have the 
potential for interconverting (rapid in solution) chiral conformations, which can lead 
to a unique conformation upon crystallisation. The potential curve for butane is shown 
in Fig. 1.23. There are three different energy minima, two corresponding to the 
enantiomeric (and therefore equienergetic) gauche forms o f  C2 symmetry and one 
corresponding to the achiral anti form o f  C2v symmetry, which is o f  lower energy 
because it is devoid o f  the repulsive CH3/CH3 van der Waals interactions o f  the 
gauche forms. There are also three barriers between the anti and gauche confonners, 
two low ones involving CH3/H eclipsing only (these two barriers are enantiomeric, 
and therefore equienergetic) and one high one involving CH3/CH3 eclipsing.
0 60 120 180 -120  -60  0
Torsion angle in degrees 
Fig. 1.23 -  Potential energy o f butane as a function of torsion angle.
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Intramolecular interactions can lead to chiral conformations, for example, i f  an acid or 
amide molecule contains a second H-bonding function (-OH, >NH, >S=0 etc.), 
intemiolecular interaction between groups may occur. A  spiral chain is generally 
adopted and the resulting structure is more likely to afford chiral crystals. Molecules 
having a 2-fold symmetry axis, C2 tend to crystallize as chiral structures and more so 
with C3 according to Jacques.83
The first demonstration o f  a chiral synthesis based on a total asymmetric 
transformation was provided by the reaction o f  a chiral single crystal o f  4,4’ -dimethyl 
chalcone 52, chiral space group P 2 ’2 ’2 ’ , with gaseous (or liquid) bromine to provide 
the dibromide with optical purities o f  6-25 % .84 (Scheme 1.27).
Scheme 1.27 - First example of absolute asymmetric synthesis using the chiral crystal environment of 
dimethylchalcone.
Reaction with Br2, o f  52 while in the chiral solid state, Converts 52 to a product 53 
with two stable stereogenic carbons, so that the chirality o f  53 is present even in 
solution.
It has been recognized for sometime that stereospecific solid-state chemical reactions 
o f  chiral crystals o f  ‘achiral’ molecules provide not only a plausible explanation for 
the prebiotic origin o f  optical activity, but also an attractive general method o f  
asymmetric synthesis. Ideally, the solid-state reaction should transfer the crystal 
chirality to the product permanently in the form o f  new stereogenic centres.
M e
Br
The ephemeral conformational chirality o f  52 is ‘ frozen’ or locked in the solid state.
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1 . 9 . 2  C h i r a l  c r y s t a l s  f r o m  a c h i r a l  m o l e c u l e s
The formation o f  useful chiral crystals from achiral molecules requires:
(a) The possibility o f  a chiral conformation (under non-extreme conditions). Apart 
from relatively simple molecules (e.g. ethane) most have the potential for a chiral 
conformation (e.g. butane).
(b) A  chiral conformation to be favoured in the crystal. It is seen where a potentially 
chiral molecule is configurationally labile in solution but stable in the solid state. 
However, in many cases, an achiral conformation is preferred in solution and in 
the crystal. An example o f  this is illustrated below in scheme 1.28, N-(4- 
chlorophenyl)-A’ -cyanoguanidine 54.85 Often, the introduction o f  substituents 
(e.g. binapthyls) will cause a twist, or in the scheme below, the introduction o f  
methyl groups to 54 by treating it with BuLi and excess M el to give N-(4- 
chlorophenyl)-A cyano-A ,/#, IT ’ -trimethylguanidine 55.86 Conformer 
interconversion by rotation o f  the ArMeN group is rapid in solution at room 
temperature, but crystallisation act to give a chiral conformation which is ‘ frozen’ .
H2N
    XC = N ~ ~ C N  (i) Bu n Li, THF
C1 <\  
H^  (ii) Mel
54 55
Scheme 1.28 -  Methylation of 54.
(c) A  non-racemic crystal to be formed (enantiomorplis). However, this is rare; 
indeed even when the structure is chiral due to a fixed stable, stereogenic carbon; 
formation o f  ‘racemic’ crystals is common (Fig. 1.24).
M e2N
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I
HO— C— H
c o 2c h 3
H— C— OH CH— C 0 2H
c o 2c h 3
dimethyl tartrate 2-(l-naphthyl)propanoic acid
OH
H
Cl
mandeiie acid 3 - (3 - chlorophenyl)- 3 -hydroxyprop anic acid
Fig. 1.24 -  Chiral substrates forming racemic compounds.
(d) Either total spontaneous resolution, as exhibited by, Ar-(4-chlorophenyl)-/V'’ cyano- 
N,1M,IM ’ -trimethylguanidine 55, and stirred NaClOs; or a conglomerate o f  large, 
identifiable enantiomorphs, e.g. 1,1 ’binapthyl.
1 . 9 . 3  A s y m m e t r i c  s y n t h e s i s  u s i n g  f r o z e n  m o l e c u l a r  c h i r a l i t y  g e n e r a t e d  b y
OJ
s p o n t a n e o u s  r e s o l u t i o n  o f  a c h i r a l  m a t e r i a l s .
As discussed above, achiral substrates may sometimes adopt a chiral orientation in 
the crystal lattice, even in the absence o f  any outside influences.82, 29 Therefore, 
reactions in the solid phase may provide a model for origin o f  chirality in molecules 
o f  living matter.88 Furthermore, they may also provide a means o f  absolute 
asymmetric synthesis.
In some cases, even the need for a solid phase reaction is not necessary. Asymmetric 
synthesis using frozen chirality generated by spontaneous crystallisation has been 
explored by Sakamoto.87 The study involved an achiral asymmetrically substituted 
imide with a tetrahydronaphthyl group on the nitrogen atom, which crystallised in a 
chiral form with space group A*212 12 3. The molecular chirality generated by
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spontaneous crystallisation was retained on dissolution in cold THF with a half-life o f  
7.8, 33.1 and 150 min at -20, -30 and -4 0  °C, respectively. This was determined on 
the basis o f  decreasing optical activity followed by CD spectrometer.
Many asymmetric syntheses with chiral crystals are reported, however most involve 
solid state photochemical reactions and some solid-gas reactions.84, S9> 90 However, 
Azumaya et al. have reported an example o f  retention o f  the molecular chirality'when 
the chiral crystal o f  l,2-bis(7V-benzoyl-A-methyl-amino)benzene 56 was dissolved in a 
cold solution.91
-N N- \\ 
n  \ I \
0  M e  M e  0
56
Fig. 1.25 -  Structure of 1,2-bis(jV-benzoyl-/V-methyl-amino)benzene.
Tissot et al. reported a catalytic asymmetric synthesis using chiral ligand 57 prepared 
by spontaneous resolution.92 Both 56 and 57 exist as mixtures o f  many 
conformational isomers or diastereomers in solution at ambient temperature.
M e  MeMtj
Q - V
Ph Ph
57
Fig. 1.26 -  Spontaneously resolved chiral ligand used for asymmetric synthesis.
If the molecular chirality is retained even under solution conditions, such as in these 
examples, the frozen chirality generated by spontaneous crystallisation could be 
transferred to the products by asymmetric interactions even in solution. It is known 
that amides with bulky substituents have high activation energies for the bond
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rotation, and some optically active amides with molecular chirality have been 
isolated.59’ 93-100
It was found that achiral asymmetrically substituted imide 58, in which the bond 
between the nitrogen atom and the tetrahydronaphthyl (TENAP) group rotates freely 
at room temperature, crystallised in a chiral form by spontaneous crystallisation, the 
enantiomerisation owing to the bond rotation was suppressed at low temperature so 
that the frozen molecular chirality could be ‘ locked’ by reaction to form new 
stereogenic centres even in solution.
Scheme 1.29 -  Free rotation between the N atom and the TENAP group of 58 at room temperature.
The solid-state Paterno-Buchi photoreaction was earned out on 58 and the % ee in the 
product used to assess enantiomeric purity o f  the imide 58 crystals obtained by 
spontaneous crystallisation.101
hv
58
solid state
+
95 % yield, > 99 % ee 
59
5 %  yield 
60
Scheme 1.30 -  Solid state Patemo-Buchi photoreaction on 58.
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A  nucleophilic reaction with rc-butyllithium was carried out to achieve a new 
asymmetric synthesis. Nucleophilic addition to the benzoyl carbonyl group o f  58 
occurred effectively, the adduct 61 and hydrogenated product 62 were obtained in 88 
% yield, and 61:62 was 90:10. No asymmetric induction was found on dissolving 
crystals o f  62 in a solvent (THF at 20 °C) since chirality was lost in solution and 
racemic products obtained. The authors did not indicate which chiral forms were 
obtained o f  each.
/z-BuLi /  TMEDA 
58 ----------------------->
various temp, in
solvent (THF)
61 62 
Scheme 1.31 -  Asymmetric synthesis of a nucleophilic reaction with H-butyllithium.
However, when powdered crystals were added, optically active 61 (41 %  ee) and 62 
(5 % ee) were isolated. To explain this, it was proposed that nucleophiles can react at 
the uncrowded face by keeping away from the cyclohexenecarbonyl group.
An enantioselective synthesis o f  an organic compound promoted by chiral quartz has 
been reported.102 Quartz is an enantiomorphic inorganic molecule with covalent bonds 
between the silicon and oxygen atoms. On the other hand, NaC103 is an 
enantiomorphic inorganic ionic crystal,103 and Kondepudi26 reported that almost all o f  
the NaC103 crystals precipitated from a stirred solution have the same chirality. 
Sato104 has reported the enantioselective addition o f  diisopropylzinc (zPr2Zn) to 2- 
(/erZ-butylethenyl)pyrimidine-5-carbaldehyde 63 in the presence o f  d- or /-NaC103 
powder to give pyrimidylalkanol 64 with high ee values (96-98 %).
The chirality o f  NaC103 controls the absolute configuration o f  the newly formed 
allcanol. The high enantioselectivity was considered to be due to chiral NaC103 
inducing a very small enantiomeric enrichment in the alkanol that is initially formed
HO Bu H° \ / H
P f T j i —  NH(TENAP) + Ph jj— NH(TENAP)
O  O
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from aldehyde 63 and z'Pr2Zn. The subsequent asymmetric autocatalysis of the 
reaction with amplification of ee then automultiplies the initial small ee to give the 
alkanol 64 possessing the corresponding absolute configuration with high ee values in 
high yields.
96-98% ee 
(RY 64
Scheme 1.32 - Enantioselective synthesis of 64 in the presence of NaC103.
Kagan16, Buchardt105 and Bonner106 reported that chirality can be induced in organic 
molecules by photolysis using left or right CPL.107
The amplification of enantiomeric imbalance starting from a trace amount of chiral 
initiator with very low ee has been reported by Shibata et. a /.108 A slight symmetry 
breaking induced by a chiral initiator is amplified by asymmetric autocatalysis 
(Scheme 1.33).
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N ‘
>
Me 'N ‘
65
,CHO
+ z-PfyZn
chiral initiator OZn
Asymmetric
autocatalysis
Me N
Scheme 1.33 - Proposed scheme for amplification of ee induced by chiral initiator with very low ee.
When pyrimidine-5-carbaldehyde 65 undergoes alkylation by diisopropyl zinc 66 in 
the presence of a chiral initiator, the initial slight enantiomeric excess is enhanced in 
the alkylated product, pyrimidyl alkanol 67. The subsequent addition of diisopropyl 
zinc and aldehyde to the reaction mixture leads to an asymmetric autocatalytic 
reaction by the slightly enantiomerically enriched pyrimidyl alkanol 67 as asymmetric 
autocatalyst and eventually highly enantiomerically enriched pyrimidyl alkanol 68 is 
obtained. Leucine was used as a chiral initiator, as slightly enantiomerically enriched 
L- or D-leucine (ca. 2 %) can be obtained by photolysis of racemic leucine using right 
or left CPL.106 L-leucine gave (A)-2-methyl-1 -(2-methyl-5-pyrimidyl)propan-1 -ol 68 
in 82 % yield and 21 % ee. D-leucine gave the (S)-pyrimidyl alkanol 68 with 26 % ee.
Another a~amino acid, valine also acted as a chiral initiator, to give 68 in > 95 % ee 
by asymmetric autocatalytic reaction using pyrimidyl alkanol 67 as an asymmetric 
autocatalyst.
Soai102 also reports that d- and /- quartz promote the asymmetric addition of 
diisopropylzinc (i-Pr2Zn) to alkynylpyrimidine-5-carbaldehyde 63 to afford chiral 
pyrimidyl alkanol 64 possessing S (from ri-quartz) and R (from /-quartz) 
configurations, respectively with high (93-97 %) ee.
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1.10 General obi ectives
The general objectives of this thesis are:
1) To explore the effect of a range of solids on some simple D-A reactions in order to 
assess the influence of the solid on reactivity, regioselectivity and 
diastereoselectivity. (Chapter 2).
2) To study in more detail those solids that show significant effects (Chapter 3, 4).
3) To attempt to identify and prepare some achiral molecules, likely to crystallise in 
a chiral form, for absolute asymmetric D-A reactions. (Chapter 5).
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C hap te r 2
The screening o f solids fo r catalysis o f the 
D iels-A lder reaction
2.1 Introduction
Screening studies into the effect on Diels-Alder (D-A) reactivity (rate enhancement, 
diastereoselectivity and regioselectivity) of solid materials, both organic and inorganic 
were earned out. Reactions selected for study were acrolein/1,3-cyclohexadiene 
(Scheme 2.1) for rate enhancement and enantioselectivity, acrolein/isoprene (Scheme 
2.2) for regioselectivity, and acrolein/cyclopentadiene (Scheme 2.3) for 
diastereoselectivity (endo/exo). Solids were chosen for testing on the basis of 
literature evidence of Diels-Alder catalysis in the solid state or even in the solution 
state, or by rational design and structural features.
8 8
O CHO H
(IS, 2S, 4S) (IS, 2R, 4S)
+
7 7
(IR, 2R, 4R) (IR, 2S, 4R)
endo exo
Scheme 2.1 - Reaction between acrolein/1,3-cyclohexadiene.
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2.1.1 Aim and Objectives
The aim of the research described in this chapter was to screen a range of solids, both 
organic and inorganic, to identify those with a significant effect on the rate, 
diastereoselectivity, regioselectivity and/or enantioselectivity of the Diels-Alder 
reaction.
The objectives are listed below.
• To determine the effect of added solid on the reaction rate of the acrolein/1,3- 
cyclohexadiene cycloaddition by comparison of either rate constant or 
cycloadduct yield after a given time with that of a control reaction.
• To compare the diastereoselectivity of the acrolein/cyclopentadiene reaction in 
the presence and absence of added solid by determination of thoexo/endo ratio.
• To compare the regioselectivity of the acrolein/isoprene reaction in the presence 
and absence of solid by determination of the meta/para ratio.
• To assess the effect of substituting the less electron deficient methyl acrylate for 
acrolein.
The specific solids chosen were sodium sulphate, silica, quartz, sodium chlorate, 
aluminium chloride, carbon, magnesium perchlorate, a-D-glucose, aspartic acid, N- 
(4-chlorophenyl)-A-cyanoguanidine and guanidine carbonate.
The research included development of methodologies for carrying out and analysing 
reactions on, or in the presence of, solids, along with extensive optimisation of GC 
conditions and analysis to obtain rapid, well-resolved and reproducible results. 
Reactions were also monitored by 'H NMR, and the methodology for detection of ee 
was developed. The relevant D-A cycloadducts were also prepared and isolated by 
established procedures for use as standards.
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2.1.2 Rationale
The uncatalysed acrolein/cyclohexadiene cycloaddition is a very slow reaction, with a 
completion time of >170 h at 25 °C.] For this reason it is a good reaction for 
observing any rate enhancement caused by the added solid. In addition, the reaction 
normally yields almost exclusively the endo adduct, thus facilitating quantification of 
yield by GC or NMR; the distinctive aldehyde peak also aids !H NMR analysis. 
Finally, since the cycloadduct, bicyclo[2,2,2joct-5-ene-2-carbaldehyde, can exist as 
enantiomers, (Scheme 2.1) there is the potential for asymmetric induction.
The acrolein/cyclopentadiene cycloaddition yields product bicyclo[2,2,l]hept-5-ene- 
2-carbaldehyde with an exo/endo diastereomeric ratio o f-0.25:l,2 therefore any solid- 
induced changes in this ratio are likely to be easily observable. In addition the 
reaction is fast, allowing rapid analysis of results. Again the production of 
enantiomeric product (Scheme 2.3) allows potential for asymmetric induction.
The acrolein/isoprene cycloaddition normally gives the meta l-methylcyclohexene-3- 
carbaldehyde and para l-methylcyclohexene-4-carbaldehyde regioisomers in the ratio 
-30:70 (Scheme 2.2).3 Again the relatively balanced amounts, makes changes easier 
to detect.
D-A reactions are promoted by having an electron deficient dienophile. The electron 
deficiency of the C=C bond in methyl acrylate is less than that of acrolein (Fig. 2.1), 
resulting in a slower D-A reaction. This allows for easier monitoring of the otherwise 
fast reactions that occur when acrolein is used.
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O
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o
Fig. 2.1 - The electron deficiency of the C=C bond in methyl acrylate compared to that of acrolein.
highly insoluble in the organic reagents.
Silica (SiOd
A  brief study of the effect of Si02 on the acrolein/1,3-cyclohexadiene reaction has 
indicated that this enhances rate and affects diastereoselectivity.4
Quartz fSiOd
Quartz is a crystalline form of silica Jaiown to show enantiomorphism and to yield 
large single crystals. Thus, there is the potential for (relatively) large scale asymmetric 
induction even with one quartz crystal. There is some evidence that it can induce 
enantioselectivity,5,6 but apparently only to a very small extent and in very specialised 
cases.3 Apart from this, given that silica does catalyse and influence the D-A reaction, 
it is worth well investigating its crystalline relative.
Sodium chlorate (NaClOd
This inorganic solid shows the phenomenon of total spontaneous resolution and it has 
been shown to induce chirality as with quartz.7,8 Therefore, it is a candidate catalyst
a Large eventual enantiomeric excesses are probably due to subsequent chiral auto catalysis.
The solids were chosen as rationalised below. In all cases they were expected to be
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for the ‘holy grail’ of inducing a chiral product from an achiral starting material. Like 
quartz, it yields large single crystals (~ 1 g) and it is insoluble in organic liquids.
Cyano guanidines
If it is assumed that the D-A activity of silica above is due to some Lewis acidity, the 
cyanoguanidines may also show some effect, since their acidities are not far from the 
values for phenols, typically pKa -10 .9 In addition, although organic, they are poorly 
soluble in many organic solvents. Most importantly, some derivatives can show total 
spontaneous resolution, again allowing asymmetric induction.
Lysr
nc = n —c n
Ar— N 7
I
H
Aluminium chloride (AlCU)
Many Lewis acids are known to catalyse the D-A reaction in solution. The effect of 
this typical Lewis acid when used in the solid state will be investigated.
Masnesium perchlorate MgfClOA?
Mg(C104)2 is known to affect the rate of many D-A reactions, e.g. between 2-(4- 
chloro-benzylidene)malonic acid dimethyl ester and cyclopentadiene through Lewis 
acid catalysis when in solution.10 The effect when used in the solid state will be 
investigated.
Aspartic acid
Although the ‘holy grail’ of asymmetric synthesis via catalysis is the use of chiral 
solids formed by total spontaneous resolution, it may be possible to induce catalytic 
enantioselectivity in the D-A reaction using solids that, while still requiring resolution 
or chiral aid in their synthesis are readily available in a stable enantiomerically pure 
form. Amino acids are such a class, with a wide range of side groups with the 
potential to catalyse or influence the D-A reaction. The use of aspartic acid to effect 
enantioselectivity in the alkylation of pyrimidine carbaldehyde by diisopropylzinc has 
been described.11,12
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a-D-slucose
Glucose is a relatively polar compound and is readily available in enantiopure form. 
The strongly hydrogen-bonding hydroxyl groups could give catalysis by the 
hydrogen-bondmg effect.
Carbon
Carbon is a highly absorbent porous solid, able to localise reagents within pores 
forcing them to react at enhanced rate (local enhanced concentration).
Sodium sulphate (Na?SOd)
Na2S04 is to be used as an ‘inert’ solid in the Diels-Alder reaction to test how 
possible ‘dilution’ by dispersion of reagents through the solid affects the rate.
HO
OH
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2.2 Experimental
2.2.1 General details and instrumentation (for Chapters 2, 3 and 4)
Melting point (mp) determination was carried out using Kofler hot-stage apparatus 
and is uncorrected. Ms. Nicola Walker, University of Surrey carried out elemental 
analysis on a Leeman Labs. Inc. CE440 elemental analyser. IR absorption spectra 
were recorded on a Perkin-Elmer System 2000 FTIR spectrometer as Nujol mull or 
KBr discs for solid samples; absorptions (vmax) are quoted in cm'1. !H and 13C NMR 
spectra were obtained on a Bruker AC300 spectrometer at 300 MHz and 75 MHz 
respectively. Spectra were referenced internally to TMS. Chemical shift values are 
quoted in ppm while observed coupling constants (J) are reported in Hz. Assignments 
in the lH NMR spectra are abbreviated as follows:- s = singlet: d = doublet: t = triplet: 
m = multiplet and b = broad. Mass spectra (m/z) were recorded on a ThermoFinnigan 
spectrometer, MAT 95 XP.
Solvents were dried according to literature methods.14 Chemicals were supplied by 
Acros Organics, Aldrich or Fisher Scientific. All starting materials obtained from an 
external source were checked by TLC and lH NMR where applicable, prior to use. 
Thin layer chromatography was carried out on MERCK Silicagel 60 F254 plates. 
Column chromatography and heterogeneous catalysis experiments were carried out on 
BDH Medical Supplies Silicagel 60, 33-70 pm (pore size: 60 A, surface area: approx. 
500 m2/g). a-D-glucose and carbon were supplied by BDH Chemicals, NaClCL by 
Acros Organics, magnesium perchlorate (-250-400 pm) by Mallinckrodt Chemicals, 
guanidine carbonate and AICI3 by Aldrich and sodium sulphate by Fisher Chemicals. 
Gas chromatography was carried out on a PYE UNICAM PU 4550 gas 
chromatograph, using a 60 m x 0.25 m capillary column. Typical run conditions use a 
column temperature sweep of 50-150 °C over 10 m, injector temperature; 250 °C; 
detector temperature; 250 °C, using dodecane as an internal standard.
Rf values are calculated from TLC of the compound in dichloromethane.
Where errors in raw data are explicit (e.g. 52 ± 1 %), the error relates to the standard 
deviation of at least two independent experiments. No error is normally quoted for 
raw data from a single experiment; this is generally where the reading forms part of a 
series (e.g. yields at various times). For derived data (e.g. slopes, etc.), errors if quoted 
explicitly refer to s.d of at least two independent experiments. For derived data, where 
no error is quoted, the uncertainty is assumed to be comparable to that of the raw data.
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2.2.2 Preparation o f bicyclor2,2,2]oct-5-ene-2-carbaldehyde from 
acrolein and 1,3-cyclohexadiene
Acrolein (3.6 ml, 3.02 g, 0.054 moles) and 1,3-cyclohexadiene (25.5 ml, 21.45 g, 0.27 
moles) were left to react in a waterbath at 25 °C for 240 h. The reaction mixture was 
vacuum distilled and the fraction at 50 °C/40 mmHg collected to yield an oil (3.94 g, 
60 %) endo bicyclo[2,2,2]oct-5-ene-2-carbaldehyde with a trace of exo isomer, and no 
other impurities by ‘H NMR. lH NMR values (CDC13): endo - 5 9.45 (d, J = 1.55 Hz, 
1H, CHO), 6.34 (ddd, J = 1.65, 6.6, 8.6 Hz, 1H, H6) and 6.10 (ddd, J = 1.75, 6.2, 8.5 
Hz, 1H, H5), 2.97 (m, 1H, H2), 2.64 (m, 1H, HI), 2.53 (m, 1H, H4) 1.20-1.78 (m, 6H, 
H3, H7, H8). exo - S 9.77 (br. s, 1H).1
In order to quantify areaadduct vs. areadodecane a standard sample was prepared by mixing 
dodecane (14.6 mg, 0.10 mmoles) and distilled acrolein/cyclohexadiene adduct 
bicyclo[2,2,2]oct-5-ene-2-carbaldehyde (13 mg, 0.096 mmoles). GC analysis showed 
an area of 474725 units for dodecane and 176290 units for the adduct. Assuming a 
lineai* response, 0 !  mmoles of adduct would give an area of 183635 compared with 
474725 for dodecane which is equivalent to 40 % (or 0.4) response in the GC relative 
to that of dodecane on a mole/mole basis. 
moleSadduct / rncleSdodecane 1 / 0.40 areUjjdduct / areadodecane
2.2.3 Control reaction -  1:5 mole/mole acrolein/1,3-cyclohexadiene
Acrolein (1.00 g, 0.0179 moles) and dodecane (100 mg, 0.59 mmoles) were mixed, 
then 50 pi of this was added to 1,3-cyclohexadiene (319 pi) to give a mix comprising 
0.67 mmoles acrolein, 0.022 mmoles dodecane and 3.34 mmoles 1,3-cyclohexadiene. 
This was placed in a water-bath at 25 °C for 170 h with GC analysis of 1 drop of 
reaction mix in 12 drops of toluene at t=21, 23, 48, 70, 140 and 170 h.
The ([adduct]/[dodecane])sampie was calculated from:
[adduct]/[dodecane] = Area(adduct/Areadodecane)01/0.40 
and the yield of adduct in the final reaction mix from: 
moleSadduct= ([adduct]/[dodecane])sampie x molesdodecane
72
Chapter 2
2.2.4 Preparation o f bicvclo[2,2,11hept-5“ene-2-carbaldehvde from 
acrolein and cyclopentadiene
Acrolein (8.823 g, 0.157 moles) was added to cyclopentadiene (10.40 g, 0.157 moles) 
(freshly ‘cracked’ from dicyclopentadiene by distillation) and left to react at 25 °C for 
3 h to give after removal of volatile material a yellow oil of crude yield, 9.21 g, 48 %. 
A vacuum distillation (50 °C/40mm Hg) was carried out to purify the sample to yield 
a 3:1 mixture of endo/exo bicyclo[2,2,l]hept-5-ene-2-carbaldehyde pure by *H NMR, 
1.24 g, 13 %. !H NMR values (CDC13) -  endo: 6 9.42 (s, IH, CHO), 6.22 (m, IH, 
H6), 5.98 (m, IH, H5), 3.23 (s, IH, H2), 2.98 (s, IH, HI), 2.86-2.93 (m, IH, H4), 
1.84-1.92 (m, 2H, H3), 1.43-1.52 (m, 2H, H7). exo: 5 9.79 (s, IH, CHO), 6.12-6.19 
(m, 2H, H5, H6), 3.12 (s, IH, H2), 2.27 (m, IH, HI), 1.98 (m, IH, H4), 1.65 (m, 2H, 
H3), 1.26-1.32 (m, 2H, H7).2
A portion of the purified sample (0.4 g) was run through a silica column (25 g) to 
separate the exo/endo isomers. A mixture of 9:1 petroleum ether/diethyl ether was 
used as eluent, which was found by TLC to give the best separation of spots. GC and 
] H NMR analysis of various fractions were carried out and the exo was isolated.
A mixture of distilled acrolein/cyclopentadiene adduct exo/endo bicyclo[2,2,1 ]hept-5- 
ene-2-carbaldehyde (35.2 mg, 0.288 mmoles) and dodecane (13.5 mg, 0.079 mmoles) 
was injected into the GC to test for reproducibility and to see how both adduct and 
dodecane respond. The D-A adduct gave an area of 532 units and dodecane, an area 
of 309 units. Assuming a linear response, 0.0709 mmoles of adduct would give an 
area of 146 units which is 47 % of 309. This means that the D-A adduct responds 
47.18 % (or 0.47) in the GC to that of the dodecane on a mole/mole basis.
ITloleSadduct /  lTml®Sdodecane 1  ^6-47 SICUadduct I  toSadodecane
2.2.5 Control reaction -  1:5 mole/mole acrolein/cyclopentadiene
Acrolein (LOO g, 0.0179 moles) and cyclopentadiene (5.8938 g, 0.089 moles) were 
mixed and left to react in a water-bath at 25 °C. The solution was analysed by ]H 
NMR at t=0, 1, 3 and 24 h in order to determine approximately when the reaction had 
gone to completion.
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Acrolein (1.00 g, 0.0179 moles) and dodecane (100 mg, 0.59 mmoles) were mixed. A 
portion of this mixture (10 pi) was added to cyclopentadiene (54.8 pi) to give a mix 
comprising 0.136 mmoles acrolein, 0.0045 mmoles dodecane, 0,66 mmoles 
cyclopentadiene, and left to react. After 2.5 minutes at 25 °C, the reaction was 
analysed by GC, by placing 1 drop of reaction mix in 12 drops of toluene and 
injecting (0.5 pi). Since the sampling and analysis time was significant (ca. 10 min), 
the reaction was repeated 8 times with sampling after 5, 7.5, 10, 12.5, 15, 20, 25 and 
30 minutes.
The ([adduct]/[dodecane])Sampie was calculated as for experiment 2.2.2 using a 
response factor of 0.47.
2.2.6 Preparation o f 4-methylcvclohex-3-ene-1 -carbaldehyde from 
acrolein and isoprene
To a stirred suspension of acrolein (3.64 ml, 3.05 g, 0.055 moles) and Mg(C104)2 (1 g, 
4.4 mmoles) was added isoprene (5.34 ml, 3.64 g, 0.053 moles) and the mixture was 
left to react for 24 h at 25 °C. The mixture was diluted with diethyl ether (20 ml), 
washed with water (3 x 20 ml) and dried over Na2S04 . After filtration the solvent was 
evaporated to yield the crude adduct (4.47 g, 66 %) which was analysed by GC and 
!H NMR followed by distillation to give a colourless oil. The distilled product was 
also analysed by GC to show one peak after 5 m and 'i i  NMR. *H NMR values 
(CDC13) - 8 9.69 (s, 1H, CHO), 5.38 (br. s, 1H, H2), 2.44 (m, 1H, H4), 2.21 (m, 2H, 
H3), 1.96 (m, 2H, If6), 1.68-1.73 (m, 2H, H5), 1.64 (s, 3H, CH3).3 
For GC calibration of distilled l-methylcyclohexene-4-carbaldehyde vs. the internal 
standard dodecane, (24.9 mg, 0.20 mmoles) of the distilled adduct was added to (27.2 
mg, 0.19 mmoles) of dodecane. GC analysis gave an area of 26.85 units for adduct 
and 39.48 units for dodecane. Therefore the D-A adduct responds 65 % (or 0.65) in 
the GC to that of the dodecane on a mole/mole basis.
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2.2.7 Control reaction -1:5 mole/mole acrolein/isoprene
Acrolein (1.00 g, 0.0179 moles) was added to dodecane (100 mg, 0.59 mmoles). 50 pi 
of this solution comprising 0.67 mmoles acrolein, 0.022 mmoles dodecane was added 
to isoprene (334 pi, 3.35 mmoles, 228 mg). The reaction was left in a water-bath at 
25 °C and analysed by GC at 5m, 30m, 1, 3, 5, 24 h and by lH NMR at 24, 48, 120, 
170 h.
The ([adduct]/[dodecane])Sampie was calculated as for experimental 2.2.3 using a 
response factor of 0.65.
2.2.8 Preparation o f l-methylcyclohexene-4-methoxycarbaldehyde from 
methyl acrylate and isoprene
Mg(C104)2 (1.00 g, 4.4 mmoles) was added to methyl acrylate (4.8 ml, 4,58 g, 53.2 
mmoles) and stiiTed. Isoprene (5.34 ml, 3.64 g, 53.4 mmoles) was then added and the 
mix was left to react for 45 h at 25 °C. The mixture was diluted with diethyl ether (20 
ml), washed with water (3 x 20 ml) and dried over Na2S04 . After dilution the solvent 
was evaporated to yield the crude adduct (5.71 g, 69 %) which was analysed by GC 
and *H NMR followed by distillation. The distilled product (2.18 g, 38 %) was also 
analysed by GC and NMR. ’H NMR values (CDCI3) - 8 5.34-5.38 (br. s, 1H, H-2), 
3.67 (s, 3H, C 02Me), 2.43-2.51 (m, 1H, H-4), 2.2 (m, 2H, H-3), 1.96-2.05 (m, 2H, H- 
5), 1.66-1.75 (m, 2H, H-6), 1.64 (s, 3H, CH3).15
For. GC calibration of l-methylcyclohexene-4-methoxycarbaldehyde vs. the internal 
standard dodecane, (26.9 mg, 0 !7  mmoles) ofthe distilled adduct was added to (30! 
mg, 0.22 mmoles) of dodecane. GC analysis gave an area of 68.94 units for the adduct 
and 128.5 units for dodecane. Therefore the D-A adduct responds 65 % (or 0.65) in 
the GC to that of the dodecane on a mole/mole basis.
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2.2.9 Preparation o f ALcvano-A/M4-chlorophenvl) guanidine
4-chloroaniline (1.428 g, 0.0112 moles) and sodium dicyanamide (0.918 g, 0.0112 
moles) in 0.5 mol dm-3 hydrochloric acid (20 cm3) were refluxed for 4 h. The reaction 
was left standing at room temperature for 72 h and the reflux continued for a further 8 
h. Upon cooling a precipitate formed and was collected by vacuum filtration to give a 
crude yield of 1.519 g (70 %), which was then recrystallised from ethanol to N-cyano- 
M-(4-chlorophenyl) guanidine 0.85 g (56 %) as white solid. TLC showed a large 
product spot and a faint spot for the starting material. NMR analysis was carried 
out and showed no impurity. ]H NMR values (DMSO) - 5 9.16 (br. s, IH, NH), 7.36 
(m, 4H, Ar-H), 7.0 (br. s, 2H, NH2) ! 6mp 203-204 °C, lit. mp 204-205 °C.22
2.2.10 Influence o f solid on the reactivity o f the acrolein/13- 
cvclohexadiene reaction
2.2.10.1 Acrolein/1,3-cvclohexadiene reaction on N-cvano-N’-(4- 
chlorovhenvl) guanidine
Acrolein (1.00 g, 0.0179 moles) and dodecane (100 mg, 0.59 mmoles) were mixed, 
then 50 pi of the mixture added to 1,3-cyclohexadiene (319 pi). A small amount of 
this reaction mixture (12 pi) comprising 21.8 pmoles of acrolein, 0.71 pmoles of 
dodecane and 109 pmoles of 1,3-cyclohexadiene was then added to the powdered 
cyanoguanidine (50 mg) and stirred for 1 h at room temperature. The remainder of the 
reaction mixture was kept as a control. Both reactions were then left to stand in a 
water-bath at 25 °C for 23 h.
The reaction with cyanoguanidine was shaken with toluene (100 pi) and the 
supernatant liquid (0.5 pi) analysed by GC. The control reaction (1 drop) was shaken 
in toluene (12 drops) and also analysed by GC (0.5 pi). The reaction was repeated 
using 25 mg and 100 mg of cyanoguanidine. It was also repeated and monitored at 
170 h.
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Reactions involving 1:1:1.4 and 1:20:20 molar ratio of acrolein, 1,3-cyclohexadiene 
and cyanoguanidine were carried out analogously. Furthermore, a reaction involving a 
1:4:7 ratio, but with acrolein, 1,3-cyclohexadiene added to separate portions of solid 
and then mixed was also carried out.
2.2.10.2 Reaction between acrolein/1,3-cvclohexadiene with added N- 
cvano-N'-(4-chlorophenvl) guanidine in homogeneous solution in DMSO
The following solutions were prepared.
1.3-cyclohexadiene (0.25 cm3, 0.21 g, 2.63 mmoles, 2.06 M) + 90 % acrolein (0.528 
cm3, 0.40 g, 7.12 mmoles, 5.57 M) + DMSO (0.5 ml). Total volume = 1.278 cm3 
Control: Stock solution (0.05 cm3)
Reaction mixture: 7V-cyano-V-(4-chlorophenyl)guanidine (70 mg, 0.36 mmoles, 0.72 
M) + stock solution (0.5 cm3, [acrolein] = 5.57 M, [1,3-cyclohexadiene] = 2.06 M).
GC analysis of the reaction mixture and the control were carried out at t=0, 48 and 
170 h. The reaction was repeated using 258 mg, 2.6 M of the cyanoguanidine.
2.2.10.3 Standard methodology for testing the effect o f  various solids on 
acrolein/1,3-cyclohexadiene reactivity
Acrolein (1.00 g, 0.0179 moles) was added to dodecane (100 mg, 0.00059 moles). A 
portion of this mix (50 pi, 37.8 mg of which is acrolein, 0.67 mmoles) was added to
1.3-cyclohexadiene (319 pi, 268 mg, 3.35 mmoles), 24 pi of which was then added to, 
and allowed to soak into Na2SC>4 (50, 100 and 200 mg) in a 2 cm3 sample tube. Thus 
the reaction mix comprised acrolein = 43.6 pmoles, cyclohexadiene = 217.9 pmoles, 
dodecane = 1.44 pmoles, Na2S04 = 352, 704, 1408 pmoles. The remaining reaction 
mix was kept as a control. It was left to react for 24 h in a water-bath at 25 °C after 
which time dichloromethane (10 drops) was added to extract the product, the 
supernatant liquid was then analysed by GC. Each ran was earned out twice, each of 
which was injected twice into the GC.
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The reaction was also carried out where dodecane (37 mg) was added to 1,3- 
cyclohexadiene (2.68 g). 324 pi of which was then added to acrolein (45 pi), and then 
24 pi of the reaction mixture added to Na2S04  (100 mg). The reaction comprised the 
same as where the dodecane was added to acrolein.
The whole procedure was also earned out on a-D-glucose, aspartic acid, carbon, 
AICI3, Mg(C104)2 using 25, 50 and 100 mg of each, NaC103 (50 mg), silica (50, 100 
mg) and guanidinium carbonate (50 mg), but using 12 pi of reaction mix comprising 
21.8 pmoles of acrolein, 0.71 pmoles of dodecane and 109 pmoles of 1,3- 
cyclohexadiene. This reaction was also earned out with a suspension of guanidinium 
carbonate (50 mg) in 90 pi of mix (163.5 pmoles acrolein, 817 pmoles of 1,3- 
cyclohexadiene, 5.4 pmoles dodecane).
Silica gel was activated by drying in an oven at 60 °C for 19 h to remove physically 
adsorbed water.
2.2.10.4 Testing o f  extraction method
Acrolein (1.00 g, 0.0179 moles) was added to dodecane (100 mg, 0.59 mmoles). A 
portion of this mix (50 pi, 37.8 mg, 0.67 mmoles of which is acrolein) was added to
1,3-cyclohexadiene (319 pi, 268 mg, 3.35 mmoles) and left to react for 24 h at 25 °C, 
before adding to separate portions of Na2SC>4, 50, 100 and 200 mg. It was left to 
absorb for 30 mins before extracting with dichloromethane (10 drops) and analysing 
by GC. Each reaction was carried out twice, each of which was injected twice.
2.2.11 Influence o f solid on the diastereoselectivity o f the 
acrolein/cyclopentadiene reaction
2.2.11.1 Reactivity o f  acrolein/cvclopentadiene on selected solids
Acrolein (1.00 g, 0.0179 moles) was added to dodecane (100 mg, 0.59 mmoles), 10 
pi (0.13 mmoles acrolein, 0.0044 mmoles dodecane) of which was then added to 
cyclopentadiene (54.8 pi, 44 mg, 0.84 mmoles). Then, 12 pi of this reaction mix
78
Chapter 2
(0.0248 mmoles acrolein, 0.0008 mmoles dodecane, 0.1240 mmoles cyclopentadiene) 
were immediately added to A/-cyano-A^-(4-chlorophenyI)guanidine (50 mg). Toluene 
(100 pi) was added to the sample at 5 m to extract the product and the supernatant 
liquid was then analysed by GC. The reaction was then repeated and analysed at 30 
minutes. The process was also earned out using NaClCh (50 mg), powdered quartz 
(50 mg) and silica (50 mg) which had been dried in an oven at 60 °C.
2.2.11.2 Standard \scoping’ methodology o f  diastereoselectivity
Acrolein (1.00 g, 0.0179 moles) was added to dodecane (100 mg, 0.6 mmoles). A 
portion of this mix (5 pi) was added to cyclopentadiene (28 pi), 12 pi (0.0248 mmoles 
acrolein, 0.0008 mmoles dodecane, 0.1240 mmoles cyclopentadiene) of which was 
then added to a solid (50 mg). It was left to react for 1 h in a water-bath at 25 °C after 
which time a few drops of toluene were added to extract the product and the liquid 
was analysed by GC. Each run was carried out twice, each of which was injected 
twice. The solids used were AICI3, a-D-glucose, carbon, Na2SC>4, Mg(C104)2, aspartic 
acid and silica.
hi addition, for Na2SC>4 the amount of dodecane was increased to ~30 % weight of the 
amount of acrolein used. It was added to cyclopentadiene as the larger amount was 
not fully soluble in acrolein. Cyclopentadiene (1.00 g, 0.015 moles) was added to 
dodecane (52 mg, 0.306 mmoles). 58 pi of this mixture was added to 9 pi of acrolein. 
24 pi of this mix (acrolein 0.048 mmoles, dodecane 0.0048 mmoles, cyclopentadiene 
0.24 mmoles) was then added to Na2SC>4 (100 mg). It was left to react in a water-bath 
at 25 °C for 1 h. It was then extracted and analysed by GC.
The reaction was repeated on Na2SC>4, but instead left to react for 1.5 h to ensure the 
reaction was complete, and the amounts of solvent used to extract the product were 
varied. These were toluene (3 drops and 10 drops) and dichloromethane (3 drops and 
10 drops).
A control reaction was also earned out, this consisted of dodecane (26 mg, 0.152 
pmoles) added to cyclopentadiene (503 mg), 290 pi (3.35 mmoles cyclopentadiene, 
0.067 mmoles dodecane) of which was added to 45 pi of acrolein (0.67 mmoles). It
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was left to react for 1.5 h at 25 °C and analysed by GC, by dissolving (1 drop) in 
toluene (1 drop).
2.2.12 The influence o f a single crystal o f  NaClOy on 
acrolein/cyclopentadiene enantioselectivity
Cyclopentadiene (100 pi, 80.29 mg, 1.21 mmoles) was added to 92.4 pi of a solution 
comprising acrolein (84 pi, 70.48 mg, 1.26 mmoles) and dodecane (8.4 pi, 6.3 mg, 
0.044 mmoles). 192.4 pi of this mixture was then added to a powdered single crystal 
(on l x l x l  cm3) NaC103 (813 mg, 7.64 mmoles) which had been crystallised over a 
period of a few weeks. It was left to react for 2 h 15 m, extracted from the solid using 
diethyl ether and evaporated to leave the crude adduct identified by *H NMR (Fig.
2.20, lK  NMR values as for experimental 2.2.4). This was reduced by dissolving the 
adduct in methanol (2 ml) and adding sodium borohydride (37.4 mg, 0.99 mmoles), 
and reacting at room temperature overnight. It was then poured onto 10-15 g of ice, 
extracted using 5 x 1 ml portions of dichloromethane and dried over MgSC>4 which 
was then filtered off to leave the reduced adduct (12.4 mg), identified by !H NMR 
(loss of CHO peaks at 9.42 and 9.79 ppm, new peaks C/^OH at 3.2 -  3.8 ppm. (Fig.
2.21.
Into a small test tube, was injected via a syringe, dry pyridine (300 pi, 300 mg), then 
(+)-MTPA-Cl (35 mg, 26 pi, 0.14 mmoles), dichloromethane (300 pi) and the 
reduced material (0.10 mmoles, 12.4 mg) were added. The reaction mixture was 
shaken and allowed to stand at room temperature until the reaction was complete as 
evidenced by no more formation of crystalline pyridine hydrochloride. After reaction 
completion, it was diluted with diethyl ether (at which point a white precipitate 
appeared). This was washed (cold dilute HC1, cold saturated Na2C 03 and saturated 
NaCl) and dried MgSCL. The filtered diethyl ether solution was concentrated while 
dichloromethane was used to wash any traces from the MgSC>4 and added to the 
concentrated residue, which was then further concentrated. A 5H NMR analysis of the 
product was then carried out. (Fig. 2.22) 'H NMR (CDC13) - 8 3.57 (s, MeO), 3.85-
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4.15 & 4.15-4.50 (m, Ha, Hb endo & Ha, Hb exo CH2-0C=0), 5.90-6.18 (m, H -O ), 
7.26-7.54 (m, Ph).
2.2.13 The effect o f various solids on the acrolein/isoprene reaction
Acrolein (1.00 g, 0.0179 moles) was added to dodecane (100 mg, 0.59 mmoles). The 
solution (50 pi) (comprising 0.67 mmoles acrolein, 0.022 mmoles dodecane) was 
added to isoprene (334 pi, 3.35 mmoles, 228 mg). Then 12 pi of this solution (0.021 
mmoles acrolein, 0.0007 mmoles dodecane, 0.1 mmoles isoprene) was added to N- 
cyano-7Vp-(4-chlorophenyl)guanidine (50 mg) and left to react at 25 °C for 24 h. 
Dichloromethane (10 drops) was added to the sample to extract the product and the 
supernatant liquid was then analysed by GC. This was repeated using NaC103 and 
silica as the solid material and the results compared with the 24 h control reaction. 
lH NMR analysis of reaction on silica was carried out to show complete conversion to 
product after 24 h. (values as for experiment 2.2.6 with additional peaks due to 
unreacted isoprene).
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2.3 Results and discussion
2.3.1 Preparation o f bicyclo [2,2,21 oct-5-ene-2-carbaldehyde from 
acrolein and 1.3-cvclohexadiene
O
+
(1S,2S,4S)
endo exo
Scheme 2.4 - Reaction between acrolein and 1,3-cyclohexadiene.
A large scale reaction of acrolein with excess 1,3-cyclohexadiene at 25 °C for 240 h 
yielded crude “adduct” in 75 % yield. The NMR of the crude material showed that 
mainly endo isomer was present with < 5 % exo. The crude product was purified 
using vacuum distillation and endo bicyclo[2,2,2]oct-5-ene-2-carbaldehyde identified 
from its NMR spectrum (Fig. 2.2).
The 'H NMR assignments are in Table 2.1 and are consistent with literature values.1 
The aldehyde singlet (endo) is split as a result of an interaction between the hydrogen 
on the aldehyde itself and the hydrogen on the ring to which it is closest.
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Fig. 2.2 - H N M R  of distilled bicyclo[2,2,2]oct-5-en-2-carbaldehvde.
Table 2! - ‘H N M R  assignments for bicyclo[2,2,2]oct-5-en-2-carbaldehyde.
8/ppm Multiplicity Integral Assignment
9.45 d (J = 1.55 Hz) 1 CHO
6.34 ddd (J = 1.65, 6.3, 8.6 Hz) 1 H6
6.10 ddd (J = 1.75, 6.2, 8.5 Hz) 1 H5
2.97 m 1 H2
2.64 m 1 HI
2.53 m 1 H4
1.20-1.78 m 6 H3, H7, H8
1H NMR literature values.1
endo - 5 9.44 (d, J=1.5Hz, 1H), 6.32 (ddd, J=1.7, 6.4, 8.6Hz, 1H) & 6.09 (ddd, J=1.8, 
6.3, 8.6Hz, 1H), 2.45-3! (m, 3H), 1.1-1.9 (m, 6H). exo - 5 9.77 (br. s, 1H).
The reaction appeared to be fairly clean, showing >95:5 endo/exo isomers from the 
'H NMR analysis and no significant impurity. An aero lein/1,3-cyclohexadiene 
reaction in CHiCb/SnCL* was also carried out, but both the crude and distilled adducts 
were less pure.
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A sample was weighed and added to a weighed amount of dodecane. A solution of 
this mixture in toluene was analysed by GC in order to quantify areaaddUCt vs. 
areadodecane GC response and was found to give a response factor of 0.4 (see 
experimental 2.2 .2) to that of the dodecane on a mole/mole basis.
2.3.2 Control reaction -  1:5 mole/mole acrolein/1,3-cyclohexadiene
A control reaction comprising acrolein (0.67 mmoles), dodecane (0.027 mmoles) as 
GC reference standard and 1,3-cyclohexadiene (3.34 mmoles) in molar ratio 
(1:0.04:5) was left to react at 25 °C over 170 h and monitored by GC at various time 
intervals. The results are in table 2.2 and Fig. 2.4.
Table 2.2 - Yield of bicyclo[2,2,2]oct-5-ene-2-carbaldehyde from 1:5 mole/mole reaction of 
acrolein/1,3-cyclohexadiene at 25 °C.
Time / h Percentage yield(a'5 c}
0 0
21 5.3
23 6.4
48 9.1
70 17
96 19
140 23
170 27
(a) based on acrolein
(b) determined by G C  analysis of adduct relative to internal standard dodecane. Amount of 
adduct obtained relative to theoretical amount expected based on acrolein. E.g. 
Areaadduct/Areadodecanftl- 6 6  gives adduct 1.66/0.4 x 0.027=0.11 mmoles compared to 
acrolein^o^O.67 mmoles i.e. 17 %, where 0.4 is the conversion factor and 0.027 is mmoles of 
dodecane.
84
Chapter 2
While the kinetics of the acrolein/1,3-cyclohexadiene reaction have been widely 
studied, 1,4' 17 the rate has not been measured under these exact conditions, 1:5 
ene:diene.
30
25
■o
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10 -
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Fig. 2.4 - Yield of bicyclo[2,2,2]oct-5-ene-2-carbaldehyde from 1:5 mole/mole 
acrolein/cyclohexadiene reaction at 25 °C.
For a concerted bimolecular reaction such as the D-A, the rate is given by (1),
acr + chd --------- ► adduct
k2
A + D  ► P
< / p  
—  =  k2[DirAi ( i)  
d t
Since [P]t = [A]o -  [A]t this gives equation (2),
_/!! _ _  = -‘/I !!' = k2 [D][A] (2)
d t d t
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Since [D ]0 > [A]o it  can be assiuned that [D ]t~[D]o (constant) especially over such a 
small extent o f  reaction (< 30 %). This gives equation (3),
~ ‘/[A-li = (k 2 [D]0) [A], = k obs [A] (3 )
dt
Integrating gives (4),
[A]t =  [A]o Q-kobst(4)
[P]t=  [A]0 -  [A]0 Q~!c°bst
but, [A]o =  [P]co SO,
[P]t =  [P]oo - [P]«0 e ~kobs
[P]<o- [P]«=  [P]°o e ~ kobst
In ([P]„- [P],) = In [P],*, - /cobst
So a p lo t o f  ln([P]oo - [P]t) vs. t w il l  give -  /c0bs as the slope. Furthermore, a p lo t o f 
ln(Xoo -X t) vs. t, where X  is any quantity d irectly proportional to [P] (e.g. %  y ield) w il l 
also give -k QbS as the slope.
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Table 2.3 - Pseudo first order treatment of data (see table 2.2) from 1:5 mole/mole acrolein/1,3- 
cyclohexadiene reaction at 25 °C.
t / h % yield ln( 100 -%  yield)
21 5.3 4.55
23 6.4 4.54
48 9.1 4.51
70 17 4.42
90 19 4.39
140 23 4.34
170 27 4.29
T i m e  /  h
Fig. 2.5 - Plot of data (see table 2.3) from 1:5 mole/mole acrolein/1,3-cyclohexadiene reaction at 25°C.
This gives k0\,s = 0.0017 h"1, &Qbs = 4.72 x 10"7 s '1. The reaction mix involved 3.34 
mmoles of 1,3-cyclohexadiene, and addition of the reagent volumes gives a nominal 
volume of 369 pi, so the nominal concentration of 1,3-cyclohexadiene is 9.05 mol 
dm'1. This gives a second order k2 of 5.2 x 10'8 s' 1 dm3 mol'1.
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2.3.3 Preparation o f bicvclor2,2J1hept-5-ene“2-carbaldehvde from 
acrolein and cyclopentadiene
Cyclopentadiene ('H NMR, Fig. 2.6, Table 2.4) was prepared from freshly ‘cracked’ 
dicyclopentadiene and reacted with acrolein in a l : lb molar ratio at 25 °C for 165 m 
to give a mixture of exo/endo isomers of bicyclo[2,2,l]hept-5-ene-2-carbaldehyde in 
48 % crude, and 13 % distilled yields.
+
O
j CHO 
(IS, 2S, 4S)
+
endo
H
(IS, 2R, 4S) 
4  3 H
(IR, 2S, 4R)
exo
CHO
Scheme 2.5 - Reaction between acrolein and cyclopentadiene.
b A  1:1 molar ratio was used as opposed to the 1:5 ratio normally used in this work to reduce the 
amount of dicyclopentadiene formed.
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Fig. 2.6 - 1 H  N M R  of cyclopentadiene.
Table 2.4 - lH N M R  assignments for cyclopentadiene.
8/ppm Multiplicity Integrals Assignment
6.56 m 1 H2, H3
6.48 m 1 HI, H4
2.96 m 2 H5
The distilled product was a 3:1 mixture of endo:exo isomers, but showed no 
significant impurities.
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Fig. 2.7 - ‘H N M R  of distilled endo and exo bicyclo[2,2,1 ]hept-5-ene-2-carbaldehyde.
Table 2.5 - 'H N M R  assignments for endo bicyclo[2,2,l]hept-5-ene-2-carbaldehyde.
8/ppm Multiplicity Integrals Assignment
9.42 s 1 CHO
6.22 m 1 H6
5.98 m 1 H5
3.23 s 1 H2
2.98 s 1 HI
2.93-2.86 m 1 H4
1.92-1.84 m 2 H3
1.52-1.43 m 2 H7
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Table 2.6 - *H N M R  assignments for exo bicyclo[2,2,1 ]hept-5-ene-2-carbaldehyde.
5/ppm Multiplicity Integrals Assignment
9.79 s 1 CHO
6.12-6.19 m 2 H5, H6
3.12 s 1 H2
2.25-2.29 m 1 HI
1.98 m 1 H4
1.65 m 2 H3
1.32-1.26 m 2 H7
A sample of the distilled adduct was weighed and added to a weighed amount of 
dodecane. A solution of this mixture in toluene was analysed by GC in order to 
quantify areaadduct vs. areadodecane GC response and was found to give a response factor 
of 47 % (or 0.47) (see experimental 2.2.4) to that of the dodecane on a mole/mole 
basis.
Column chromatography of the distilled sample isolated only exo isomer. This served 
to confirm the NMR assignments of the exo isomer in the mixture of Fig. 2.7, and 
confirmed the exo isomer as giving the peak with the shorter retention time in the GC.
Fig. 2.8 - 'H N M R  of exo bicyclo[2,2,l]hept-5-ene-2-carbaldehyde.
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2.3.4 Control reaction -  1:5 mole/mole acrolein/cvclopentadiene
A 1:5 mole/mole reaction between acrolein and cyclopentadiene was carried out in 
order to determine rate, diastereoselectivity and yield. This reaction is well studied, 
but not under the exact conditions used here. The control reaction is studied for 
comparison with those in the presence of solid. It is expected to give a higher 
percentage of exo isomer than in the reaction using 1,3-cyclo/zexadiene, allowing any 
diastereochemical effect, on later reactions in the presence of solids to be more 
noticeable. A preliminary NMR monitoring was carried out and the spectra are 
shown in Fig. 2.9.
cyclopentadiene cyclopentadiene
endo
exo
\
/
I______ L
exo + 
endo 
HC=
J
vJU_ A ___J l
(a) t = 0 (b)t = lh
exo +
.(c) t = 3h (d) t = 24h
Fig. 2.9 - 'H N M R  spectra of acrolein/cyclopentadiene reaction at (a) t=0, (b) t=lh, (c) t=3h, (d) t=24h.
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There is immediate formation of ca. 1:4 exo/endo adduct. At 1 h, acrolein has been 
used up and the reaction has gone to completion indicated by the disappearance of the 
acrolein peak at -9.59 ppm. Over longer time the diene has decreased and 
dimerisation to dicyclopentadiene has occurred.
Since it was found by 'H NMR that the control reaction is complete within 1 h, the 
1:5 (mole:mole) reaction between acrolein and cyclopentadiene was monitored by GC 
with dodecane as internal standard at smaller time intervals over 30 minutes. The GC 
results are summarised in the following table and graph.
Table 2.7 - Yield of bicyclo[2,2,1 ]hept-5-ene-2-carbaldehyde from 1:5 mol/mol reaction of 
acrolein/1,3-cyclopentadiene at 25 °C.
Time / m % yield (a,' lb)
exo endo
2.5 1 9
5 3 25
7.5 6 33
10 9 41
12.5 11 49
15 14 61
20 17 75
25 19 84
30 20 85
(a) based on acrolein.
(b) determined by G C  analysis of adduct relative to internal standard dodecane. Amount of 
adduct obtained relative to theoretical amount expected based on acrolein. E.g. 
Areaadduct/Areadodecane= l- 6 6  gives adduct 1.66/0.47 x 0.0045=0.016 mmoles compared to 
acroleiii(l=o)-0.136 mmoles i.e. 12 %, where 0.47 is the conversion factor and 0.0045 is 
mmoles of dodecane.
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Fig. 2 .1 0 -Yield of bicyclo[2,2,1 ]hept-5-ene-2-carbaldehyde from 1:5 mole/mole 
acrolein/cyclopentadiene reaction at 25 °C.
The exo and endo isomers of the adduct are steadily increasing as the reaction time 
increases. This data enables a rate constant to be calculated for the reaction.
Table 2.8 - Pseudo first order treatment of data from 1:5 mole/mole acrolein/cyclopentadiene reaction 
at 25 °C.
t / m % yield (exo + endo) In (100 - % yield)
2.5 10 4.5
5 28 4.28
7.5 39 4.11
10 50 3.91
12.5 60 3.69
15 75 3.22
20 92 2.08
25 103 -
30 105 -
94
Chapter 2
Time /  mins
Fig. 2 !  1 - Plot of data (see table 2.8) from 1:5 mole/mole acrolein/cyclopentadiene reaction at 25 °C.
This gives k0bS = 0.1309 m*1, k0bs = 2.18 x 10'3 s'1. The reaction mix involved 0.66 
mmoles of cyclopentadiene, and addition of the reagent volumes gives a nominal 
volume of 64.8 pi, so the nominal concentration of cyclopentadiene is 10 mol dm'1. 
This gives a second order k2 of 2.18 x 10-4 s' 1 dm3 mol'1.
2.3.5 Preparation o f 4-methylcyclohex-3-ene-l-carbaldehyde from 
acrolein and isoprene
o
meta para
Scheme 2.6 - Reaction between acrolein and isoprene.
Acrolein and isoprene in 1:1 mole/mole ratio were reacted for 24 h at 25 °C in the 
presence of dissolved Mg(C104)2 to give a crude product in 66 % yield. A single 
product peak in the GC chromatogram occurred at a retention time of 5 mins. The
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crude product was distilled to give l-methylcyclohexene-4-carbaldehyde, the para 
adduct, with 'H NMR spectrum of Fig. 2.12 which showed no significant impurities.
Fig. 2.12 - ‘H N M R  of l-methylcyclohexene-4-carbaldehyde.
Table 2.9 - Assignments for l-methylcyclohexene-4-carbaldehyde.
Shift (5) Multiplicity Integral Assignment
9.69 s 1 CHO
5.38 br. s 1 H2
2.44 m 1 H4
2.21 m 2 H3
1.96 m 2 H5
1.68-1.73 m 2 H6
1.64 s 3 c h 3
Literature values3 (CDC13) -  5 9.6 (1H, s, CHO), 5.3 (1H, br s, =CH), 2.6-1.5 (total 
10H, m, overlapped by br s at 1.65, cyclohexyl 7 H and Me).
There is only one aldehyde peak present in the NMR, which is attributed to the para 
isomer;3 it is the favoured isomer according to FMO theory.18
A sample of the distilled adduct was weighed and added to a weighed amount of 
dodecane. A solution of this mixture in toluene was analysed by GC in order to 
quantify area3dduct vs. areadodecane GC response and was found to give a response factor 
of 0.65 (see experimental 2.2.6) to that of the dodecane on a mole/mole basis.
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2.2.6 ‘Control’ reaction -1 :5  mole/mole acrolein/isoprene
A 1:5 mole/mole reaction between acrolein/isoprene was carried out to determine rate. 
The reaction was analysed by GC at 5 m, 30 m, 1 h, 3 h, 5 h, 24 h, and by lH NMR at 
24 h, 48 h, 120 h, 170 h. The results are shown below.
Table 2.10 - Summary of GC results showing relative percentage of product.
Time % yield w
Run 1 (GC) Run 2 (GC) Run 3 (NMR)
5 6.16 3.92 -
30 10.46 9.89 -
lh 10.76 9.72 -
3h 10.66 7.50 -
5h 10.20 7.91 -
24h 11.66 11.64 20
48h - - 43
120h - - 63
170h - - 100
(a) Amount of adduct obtained relative to theoretical amount expected based on acrolein.
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Time /  mins
♦ G C  - run 1  
■ G C  - run 2 
N M R
Fig. 2.13 - Yield of 4-methylcyclohex-3-ene-1-carbaldehyde from 1:5 mole/mole acrolein/isoprene 
reaction at 25 °C.
The values seem to vary between runs, including a further *H NMR analysis of 
reaction progress over time (Fig. 2 !  4). It is clear that at t=24 h the yield of product (5 
9.71) is only ~20 % by NMR. After this, values seem less reliable. Therefore, 
reactivity for the ‘control’ acrolein/isoprene reaction is quantified only as < 20 % 
completion after 24 h at 25 °C. This amount is rather different to the percentage of 
product observed from GC analysis.
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a) t = 24 h
c) t = 1 2 0  h
b) t = 48 h
product
{para)
\
jk. L il
8 8 2 m
d) t =170h
Fig. 2.14 - 1 H N M R  analysis of 1:5 mole/mole acrolein/isoprene reaction at (a) t = 24 h, (b) t = 48 h, 
(c)t= 120 hand (d)t= 170 h.
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2.3.7 Preparation o f l-methylcyclohexene-4-methoxycarbaldehyde from 
methyl acrylate and isoprene
The Mg(C104)2-catalysed cycloaddition of methyl acrylate to isoprene (1:1 mole/mole 
ratio) yielded, after distillation, only the para isomer of the adduct 1- 
methylcyclohexene-4-methoxycarbaldehyde in 38 % yield. This was identified from 
its ]H NMR spectrum (fig. 2.15, table 2.11), which showed no significant impurities 
and was consistent with the literature.15 The uncatalysed reaction would normally 
reach 54 % after 7 months at 25 °C with a regioselectivity of 70:30 para:meta 
isomers.19
para meta
Scheme 2.7 - Reaction between methyl acrylate and isoprene.
6
Fig. 2.15- !H  N M R  of distilled l-methylcyclohexene-4-methoxycarbaldehyde.
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Table 2!1 - Assignments for distilled l-methylcyclohexene-4-methoxycarbaldehyde.
Shift (5) Multinlicitv Integral Assignment
5.36 br. s 1 H2
3.67 s 3 C 02Me
2.43-2.51 m 1 H4
2.21 m 2 H3
1.96-2.05 m 2 H5
1.66-1.75 m 2 H6
1.64 s 3 Me
Literature values15 (CDCI3) - 8 5.36 (1H, br s), 3.67 (3H, s), 2.48 (1H, m), 2.20 (2H, 
m) 1.98 (3H, m), 1.7-1.5 (1H, m), 1.64 (3H. s).
The product peak occurs in the GC spectrum at a retention time of approximately 7- 
min. Only the para isomer is obtained.
A sample of the distilled adduct was weighed and added to a weighed amount of 
dodecane. A solution of this mixture in toluene was analysed by GC in order to 
quantify areaadduct vs. areadodecane GC response and was found to give a response factor 
of 65 % (or 0.65) (see experimental 2 .2 .8) to that of the dodecane on a mole/mole 
basis.
2.3.8 Preparation o f A-cyano-AP-(4-chlorophenvBguanidine
There is evidence that some cyanoguanidines show total spontaneous resolution. In 
addition, the NH of cyanoguanidine (eg. Ar-AH-C(NH2)=NCN) is weakly acidic (pXa 
= 12.0 for Ar = 4-chlorophenyl)21 allowing the possibility of catalysis of the Diels- 
Alder reaction by H-bonding to the dienophile. Finally, the cyanoguanidines are likely 
to remain solid in the non-polar Diels-Alder mixture. In order to test whether the 
cyanoguanidine acidity is sufficient in the solid-state, a non-chiral solid 
cyanoguanidine of known acidity21 was tested, A-cyano-A-(4- 
chlorophenyl)guanidine.
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Scheme 2.8 - Preparation of AY-cyano-Ay’-(4-chlorophenyl)guanidine, and the mechanism.
This catalyst is planar,21 so will not effect enantioselectivity. It may influence
exo/endo diastereoselectivity, but it is likely to only affect rate.
• 20 21 Introduction of methyl groups results in the compound being no longer planar, *
and it is possible that this can not only affect rate, but also enantioselectivity by
inducing a particular orientation for the D-A reagents if at least one (e.g. acrolein),
were to react while positioned in its chiral surface or pores. This compound 1 is
known21 but has lost its acidic hydrogen. So the unknown isomer 2 N-(4-
chlorophenyl)-A’-cyano-A+,V” -dimethylguanidine might ultimately be the most
useful material.
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H Me Me. Me\ ✓ \ /
N N
/ = \  NC = N —CN / = \  'C = N ~ C Nci^ c ' \ m iMe M
1 2
Fig. 2.16 -  Structure with potential as enantioselective catalysts. Ar-(4-chlorophenyl)-Ar,-cyano-Ar,Ar” - 
dimethylguanidine 1 and Af-(4-chlorophenyl)-/V’ -cyano-iY” ,Ar” -dimethylguanidine 2.
7V-cyano-M-(4-chlorophenyl)guanidine was successfully synthesised in 56 % yield, 
shown by TLC and the following *H NMR analysis (Fig. 2.17).
 1----------1---------- 1 I i i I-------1---------- 1----------1------------ 1------- 1---------- 1----------1------------1--------1----------1---------- 1------------1--------1---------- 1----------.---------- 1 r
10 8 6 4 2 OPPM
\ !  J
Fig. 2.17 - *H NMR (DMSO) of recrystallised y-cyano-y-(4-chlorophenyl)guanidine. 
Table 2.12 -  'H NMR assignments for Ar-cyano-Ar-(4-chlorophenyl)guanidine.
Shift Multiplicity Integral Assignment
9.16 br. s 1 NH
7.36 m 4 ArH
7.09 br. s 2 NH2
3.35 br. s - water
2.52 br. s - DMSO
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Addition of the amine nucleophile to the cyanamide involves a mechanism by which a 
proton is transferred from the nucleophile to the nitrile.22 It is possible that the transfer 
could be via a bridging mechanism or through the intervention of the acid transporter 
molecule.
Attempts to prepare the corresponding nitro derivative were also earned out but were 
unsuccessful. It is more acidic than the chlorophenyl guanidine,21 so may have been 
better in catalysing the Diels-Alder reaction. A possible reason for the difficulty in 
synthesising the nitro compound is that the nitro group in the 4-nitroaniline, being 
very electron withdrawing, may draw the nucleophilicity away from the NH2 making 
it less reactive towards the dicyanamide.
2.3.9 Influence o f solid on the reactivity o f the acrolein/L3- 
cvclohexadiene reaction
2.3.9.1 Acrolein/1,3-cyclohexadiene reaction on solid N-cvano-N’-(4- 
chlorophenyl) suanidine
iV-cyano-A’-(4-chlorophenyl)guamdine (50 mg, 257 pmoles) was soaked with 12 pi 
of an acrolein/1,3-cyclohexadiene mix comprising 21.8 pmoles of acrolein, 0.71 
pmoles of dodecane and 109 pmoles of 1,3-cyclohexadiene. It was then analysed by 
GC at 24 h by adding toluene (100 pi) to the reaction mix and injecting the 
supernatant liquid.
The following table 2.13 shows the sum of the percentage yield of exo/endo isomers 
(using dodecane as GC standard) obtained with 50 mg and other amounts of 
cyanoguanidine after 24 h. A control reaction without cyanoguanidine was also 
canied out.
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Table 2 !3  -  Reaction of 1! mole/mole acrolein/1,3-cyclohexadiene on Y-cyano-Y’ -(4- 
chlorophenyl)guanidine.
Cyanoguanidine used / mg Molar ratio of 
cyanoguanid ine-acro le in
% reaction completion(a)
25 6:1 1.2
50 12:1 1.4
100 24:1 1.6
50 (b) 12:1 1.8
Control - 4.3
(a) GC analysis based on acrolein.
(b) Mixed solids -  see text.
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Fig. 2.18 - Graph to show how the addition of cyanoguanidine affects product formation at 24 h.
On comparison with the control, absorption into cyanoguanidine appears to be making 
the reaction slower.0 This may be due to the fact that absorption into cyanoguanidine 
is effectively inhibiting the reaction. If this is the case, the yield of product might have 
been expected to decrease with increased amount of cyanoguanidine. However, it may 
just be that the cyanoguanidine is not acidic enough (pKa -12) to co-ordinate to the 
dienophile and accelerate the reaction effectively.
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The !H NMR spectrum of the ‘control’ product, isolated by evaporation showed that 
there was 95 % endo isomer present.
The reaction with 25, 50, 100 mg of cyanoguanidine was repeated but left to react for 
170 h. GC analysis indicated no significant increase in yield vs. control.
In addition 1:1 and 1:20 mole/mole dienophile:diene reactions were earned out on the 
cyanoguanidine and compared with a control reaction. The former involved a 
premixed 1:1 mole/mole acrolein/1,3-cyclohexadiene solution dropped onto A-cyano- 
A-(4-chlorophenyl)guanidine to give a 0.15:0.15:0.205 mole ratio (acr:chd:solid = 
1:1:1.4). For the 1:20 mix, the mole ratios are 0.011:0.217:0.205 to give a 1:20:20 
acr:chd:solid mix. In neither case was there much difference between the 
‘impregnated’ and control reactions.
The method of adding the acrolein and 1,3-cyclohexadiene individually to separate 
portions of A-cyano-A-(4-chlorophenyl)guanidine and then mixing the two portions 
of solid together, was compared with the method of mixing the acrolein and 1,3- 
cyclohexadiene together first and then adding as a mixture to the solid guanidine. 
These reactions have been termed the ‘mixed solid’ and ‘mixed liquid’ methods 
respectively. A mixture of 0.178 mmoles of acrolein on 0.639 mmoles of 
cyanoguanidine was mixed with 0.75 mmoles of 1,3-cyclohexadiene on 0.639 moles 
of cyanoguanidine (final molar ratio acrolein:cyclohexadiene:guanidme = 1:4:7) was 
allowed to react. A control of 4:1. mole/mole 1,3-cyclohexadiene/acrolein was also 
prepared.
The ‘mixed solids’ reaction after 170 h, was washed with hexane (0.5 ml) and 
analysed by GC. A reaction involving the same ratios was also earned out but with 
acrolein and 1,3-cyclohexadiene premixed before adding to the cyanoguanidine. 
These two methods were compared in order to determine whether the reactants were 
fully adsorbed onto the solids in the ‘mixed liquids’ method, or whether they were 
just collecting as ‘pools’ of both reactants within the cavities of the solid, illustrated in 
Fig. 2.19.
0 Comparison of 24h control here (4.3 %) with that at 23h in 2.3.2 (6.4 %) suggests a mean value of 5.3 
± 1 %. Therefore, an uncertainty of 1 %  is assumed for these results.
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acrolein 1,3-cyclohexadiene
—f   Mixing of solids
cyanoguanidine
o o • o
o oo • oo
‘mixed solids’ expect slow reaction relative 
to control
acrolein + 1,3-cyclohexadiene
cyanoguanidine
• •  _
•  •
•  % •  •
‘mixed liquids’ expect similar to control
Fig. 2.19 -  Diagram to illustrate the "mixed solids’ and ‘mixed liquids’ experiments.
GC analysis showed there is no difference in results between the two methods, 
therefore the more convenient ‘mixed liquid’ method was used for most reactions.
A reaction was also attempted where a deficiency of N- cyano-A/'-(4- 
chlorophenyl)guanidine (0.079 mmoles) was ‘sprinkled’ into the reaction mix of 
acrolein, 0.312 mmoles and 1,3-cyclohexadiene, 6.25 mmoles, but the
cyanoguanidine under these conditions interfered with the 
GC analysis apparently resulting in inconsistent amounts of each compound being 
injected by the syringe.
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23.9.2 Reaction between acrolein/1,3-cvclohexadiene with added N- 
cvano-N'-(4-chlorovhenvl) guanidine in homogeneous solution in DMSO
The results of the previous section suggested possible catalysis by the 
cyanoguanidine, but offset by a dilution effect as reagents dispersed through the solid. 
Therefore, the possible dispersing effect was removed.
The purpose of this experiment was to make the reaction homogenous by dissolving 
in DMSO, and test for catalysis of the Diels-Alder reaction under these conditions. 
Dissolving the cyanoguanidine removes any topological control that it may have.
The homogeneous reaction between acrolein/1,3-cyclohexadiene was carried out in 
DMSO using varied amounts of dissolved yV-cyano-7V'-(4-chlorophenyl)guanidine, 
and it was analysed by GC. Concentrations were [1,3-cyclohexadiene] = 2.06 M, 
[acrolein] = 5.57 M, [A-cyano-A+(4-chlorophenyl)guanidine] = 0.72 M in DMSO; the 
relative amounts were changed from previously to ensure miscibility in DMSO. 
Dodecane was also omitted. The reaction was repeated using 2.6 M of the 
cyanoguanidine. The results are as follows:
Table 2.15 - G C  analysis of acrolein/1,3-cyclohexadiene reaction with added 7V-cyano-A/,-(4- 
chlorophenyl)guanidine (homogeneous) in DMSO.
Reaction Time / 
h
% Area adduct measured against Area<iiene(a)
[cyanoguanidine] = 0.72M [cyanoguanidine] = 2.6M
Homogenous 0 0 0.56
Homogenous 48 27 51
Control 48 36
Homogenous 170 65 74
Control 170 61
(a) The values are measured as the %  area of endo adduct formed relative to that of diene area so are 
not comparable to section 2.3.2 where the %  of adduct obtained was quoted as 27 %  at 24 h. These 
values are valid as a comparison of this reaction vs. ‘control’.
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The percentage of endo isomer is steadily increasing over time in both the test and 
control reactions, but to almost the same extent. The extra cyanoguanidine does not 
appear to have increased the rate compared with the control. The homogeneous 
reaction was also tried in dichloromethane, but the guanidine was not fully soluble. 
The reason it is more soluble in DMSO is that it can easily hydrogen bond to DMSO 
which will consequently lower the number of hydrogen bonding sites available on the 
cyanoguanidine that are accessible to the acrolein. This may reduce any catalytic 
effect on the Diels-Alder reaction that the cyanoguanidine can exhibit.
2 3 .9 .3  Standard methodology for testing the effect o f  various solids on 
acrolein/1,3-cvclohexadiene reactivity
The reaction between acrolein and 1,3-cyclohexadiene (1:5 mole/mole ratio) under 
conditions where the reaction mix was allowed to soak into various solids was earned 
out to see any effect on reactivity. The extent of the reaction at 24 h was used to 
quantify this (typically a few % in the solid-free control reaction). Dodecane was used 
as internal reference (10 % of the weight of acrolein in the reaction mixture = 3.3 
mole %). In some cases the dodecane was dissolved in the acrolein, while in others it 
was pre-dissolved in the 1,3-cyclohexadiene to see if the results were comparable. 
Also, control reactions were run. It should be noted that ALL solids were selected so 
as to be highly insoluble in the predominantly hydrocarbon reaction mix. ALL 
reactions had the appearance of a solid or slurry. The exact procedure is detailed in 
experimental section 2.2.10 and the following table 2.16 shows a summary of the 
results found by GC analysis.
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Table 2.16 - Reactivity of 1:5 mole/mole aero lein/1,3 -cyclohexadiene on varied amounts of selected
solids at 25 °C.
Solid Amount of solid /m g(a) % reaction completion(b)
a-D-glucose 25 3.7
a-D-glucose 50 0.5
a-D-glucose 100 3.4
a-D-glucose (c) 50 2.9
Carbon 25 91
Carbon 50 40
Carbon 100 24
Carbon (c) 50 49
AlCls 25 32
A1C13 50 23
AICI3 100 17
Aspartic acid 25 2.0
Aspartic acid 50 1.8
Aspartic acid 100 4.3
Aspartic acid 50 3.2
Mg(C104)2 25 69
Mg(C104)2 50 119
Mg(C104)2 !0 0 104
Mg(C104)2(c) 50 72
Si02 50 41
Si02 100 34
NaC103 50 1.0
Na2S04 50 (nm 1) w 0.4
Na2S04 50 (run 2) w 1.0
Na2S04 100 (run 1)w 4.0
Na2S04 100 (run 2) w 0.5
Na2S04 200 (d) 3.0
Na2S04(c) lOOmg (run 1) w 0.4
Na2S04w lOOmg (run 2) 3.0
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Control -  24h Omg 4.7
Control -  48h Omg 6.0
Control -  120h Omg 15
Control Omg 4.6
(a) 12 pi of 1:5:0.03 mole ratio acrolein/cyclohexadiene/dodecane reaction mix used.
(b) Amount of adduct obtained (GC analysis relative to internal standard dodecane) relative to 
theoretical amount expected based on acrolein after 24 h.
(c) Dodecane has been dissolved in the 1,3-cyclohexadiene rather than the acrolein.
(d) 24 pi of 1:5:0.03 mole ratio acrolein/cyclohexadiene/dodecane reaction mix used.
The only solids to show a significant effect on the rate of the reaction are carbon, 
AICI3, Mg(C104)2 and silica with % reaction completions of 90 %, 30 %, 100 % and 
40 % at 24 h, respectively compared to the control, which typically has gone to 5 % 
completion at 24 h.
Silica gel has previously been reported to accelerate various Diels-Alder reactions,4 
especially when activated by drying at 200 °C for 6 h. For reaction between acrolein 
and 1,3-cyclohexadiene, a 70 % yield was reported after 5 h at 20 °C.
The enhancement found here is high, but not quite at that level and this will be 
investigated further in chapter 3.
Mg(C104)2 and AICI3 might be expected to show a Lewis acid type effect by 
increasing the polarisation of acrolein. This lowers the LUMO (acrolein) and hence 
the energy gap between the diene HOMO and the dienophile LUMO and accelerates 
the reaction. In the case of Mg(C104)2, inorganic perchlorate-organic solvent solutions 
(homogeneous) are known to catalyse the rate of some pericyclic processes.23,24 The 
metal cation behaves as a Lewis acid, therefore a complex is formed in solution 
between the dienophile and the metal cation encouraging acceleration of the reaction. 
Whether the present case involves catalysis by dissolved 01* solid Mg(C104)2 will be 
investigated in the next chapter.
An explanation for the carbon effect might be that carbon is highly absorbent which 
allows the reactants to become localised within the pores encouraging them to react at
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a faster rate. However, this is probably unlikely because acrolein and cyclohexadiene
are ‘neat’ (110 solvent), and so as concentrated as they can be. Compression within the
*1*pores (D-A reactions typically show (-) AS ) might explain enhancement.
For AICI3 and silica, where some change in diastereoselectivity was noted (to be 
focused on in section 2.3.11.2), the exo/endo products have been added together to 
give an overall product percentage. For the rest of the solids (for the 1:5 mole/mole 
acrolein/1,3-cyclohexadiene reaction) the exo/endo ratio is approximately 0.05:1 (as 
with control) so only the amount of endo product was measured and used as an 
overall product percentage. The results are rather crude due to the method of analysis 
although they do provide a good indication of how each solid will affect the reaction 
and show any trends which may occur. Aspartic acid, a-D-glucose and NaClCY have 
little or no effect on the rate of the reaction. As silica, carbon and Mg(C104)2 have had 
a significant effect, experiments will be carried out (Chapter 3) in more detail for 
these solids.
The results obtained for the control are as expected, given a /c2 value of 5.2 x 10'8 s'1 
dm3 mol'1 (see section 2.3.2), with approximately 5 % completion after 24 h, 
gradually rising over time (Endo et. a l}1 indicate ca. 20 % over 170 h). In cases 
where completion times for reaction on the solid are similar to that of the control, it is 
possible that the reaction mixture had not fully been absorbed into the solid and had 
accumulated as small drops of reaction mixture in amongst the solid particles. This 
would account for the similarity with control reactions. In some cases reaction seems 
slower, this might indicate a spreading of reactant molecules throughout the solid; in 
effect a dilution.
This was seen also when a 1:5 mole/mole acrolein/1,3-cyclohexadiene reaction (12 
pi) was earned out on (i.e. soaked into or ‘impregnated’) guanidine carbonate (50 
mg), alongside a 1:5 mole/mole aero lein/1,3-cyclohexadiene reaction (90 pi) with a 
suspension of guanidine carbonate (50 mg). After 21 h the results of table 2.17 were 
obtained.
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Table 2.17 - Comparison of impregnated 1:5 acrolein/1,3-cyclohexadiene reaction (12 pi) with 
suspended method (90 pi) on guanidine carbonate (50 mg).
Sample % reaction completion at 21 h
Reaction on guanidine carbonate ‘Impregnated’ 0.1
Reaction on guanidine carbonate ‘suspended’ 4
Control 4
The use of solid where all the liquid had soaked in (impregnated) has decreased the 
reactivity compared with the control. The reaction for the ‘suspension’ of solid 
method is faster than that of the ‘impregnated’ method although similar to that of the 
control reaction. ■.
2.3.9.4 Testing o f  the extraction method
The variability of results (~ 0 in some runs, ~ 4 in others) on Na2S04 could be that the 
extraction method is not fully effective and the dichloromethane is not extracting a 
consistent amount of dodecane and product.
The efficiency of extraction of the acrolein/1,3-cyclohexadiene adduct from a Na2S04 
using dichloromethane was tested by adding a 24 h partially reacted solution (12 pi) 
[originally comprising acrolein (21.8 pmoles), dodecane (0.71 pmoles) and 1,3- 
cyclohexadiene (109 pmoles)] to Na2S04 (50, 100 and 200mg). This was allowed to 
mix into the solid for'30 m before being extracted. The following table 2.18 shows the 
amount of (endo isomer only detected) the Diels-Alder adduct extracted in terms of 
percentage yield.
Table 2.18 - The effect of varied amounts of Na 2S0 4 on the acrolein/1,3-cyclohexadiene reaction, 24h.
Amount of Na2 S 0 4 % reaction completion(a)
50mg 2.97 ± 0.76
lOOmg 3.05 ± 0.26
200mg 2.98 ± 0.82
(a) GC analysis with reference to internal standard dodecane, error due to average of 2 runs.
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The results are consistent between runs and on different amounts of solid. The % 
reaction completion is ~3 % at 24 h in all cases, which corresponds well with the 
amount obtained for the control in previous experiments. Clearly the extraction 
procedure is reliable, and the variations in 2.3.10.1 are genuine. Therefore, the 
variability of the results can be attributed to the ‘pooling’ vs. ‘spreading’ effect 
proposed in 2.3.10.1.
2,3.10 Influence o f solid on the diastereoselectivity o f the 
acrolein/cyclopentadiene reaction
2.3.10.1 Reactivity o f  acrolein/cvcloventadiene on selected solids
A preliminary study of the acrolein/cyclopentadiene reactivity was undertaken prior to 
more extensive diastereoselectivity studies. A 1:5 mole/mole acrolein/cyclopentadiene 
mix (12 pi) (comprising 0.0248 mmoles acrolein, 0.0008 mmoles dodecane and 
0.1240 mmoles cyclopentadiene) was added to 50 mg of solid /Vr-cyano-7V’-(4- 
chlorophenyl)guanidine, quartz or NaClCb and in each case analysed after 5 and 30 
m. Toluene was used to extract the product from the solid and analysis was by GC. 
The results are collected in table 2.19. The percentage yields are calculated from the 
areas of each peak, exo and endo isomers, measured against dodecane as follows:
The ([adduct]/[dodecane])sampie = Area^dduct/Area^odecane)* 1/0.40 
and the total amount of adduct in the final reaction mix from: 
molesadduct = ([adduct]/[dodecane])sampie x molesdodecane
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Table 2.19 -  Reactivity of acrolein/cyclopentadiene on 50 mg of selected solids at 25 °C.
Solid %  yield (a>
At 5 minutes At 30 minutes At 50 minutes
exo endo exo endo exo endo
Cyanoguanidine -  run 1 2.03 20 11 60 - -
Cyanoguanidine -  run 2 4.76 30 - - - -
NaClCL -  run 1 2.69 12 9! 43 - -
NaClCL -  run 2 - 12 - - - -
Quartz -  run 1 2.64 18 14 67 14 73
Quartz -  run 2 1.2 13 - - - -
Silica 5.93 68 12 92 - -
Silica 5 44 - - - -
Control 5.63 26 18 84 19 77
Control 3.39 24 20 85 - -
(a) Amount of adduct obtained (GC analysis relative to internal standard dodecane) relative to 
theoretical amount expected based on acrolein after 5, 30 and 50 mins.
Time / mins
♦ Cyanoguanidine 
■ NaC103 
Quartz 
X Silica 
X Control
Fig 2.22 -  Reactivity of 1:5 mole/mole acrolein/cyclopentadiene reaction on solid (data from table 
2.19).
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The control reaction has gone to completion within 30 minutes, and the reactions on 
solid do not appear to be faster. Therefore it is clear that cyanoguanidine, NaC103 or 
quartz have not catalysed the reaction. In fact, as the amount of cyanoguanidine is 
increased, the rate of reaction appears to be decreasing slightly.
NaCKA had no catalysing effect in the earlier reaction between acrolein and 1,3- 
cyclohexadiene, so the same result is not unexpected here.
Quartz is known to show enantiomorphism and there is evidence that it can induce 
enantioselectivity,5,6 but apparently only to a very small extent and in very specialised 
cases. As it is the crystalline form of silica, it was investigated here as to whether may 
also catalyse similarly to silica.'
However, quartz does not appear to be increasing the rate of the reaction, which could 
be due to the fact that there are no Si-OH groups at the surface enabling it to 
hydrogen-bond with acrolein and function as a catalyst as silica does.
Literature indicates that reactions using Si02 as a catalyst for Diels-Alder reactions 
using cyclopentadiene occur over a maximum of 12 h at -20 °C,25 which suggests that 
under the conditions here i.e. 25 °C, the reaction should be much faster than that; as is 
observed. The low temperature may have been applied to discourage dimerisation of 
the cyclopentadiene as this reaction competes with the reaction between acrolein and 
cyclopentadiene.
In summary, only silica showed catalysis of the acrolein/cyclopentadiene reaction.
2.3.10.2 The effect o f  various solids on acrolein/cyclopentadiene 
diastereoselectivity
The reaction between acrolein and cyclopentadiene (1:5 mole/mole ratio) under 
conditions where the reaction mix was allowed to soak into various solids was carried 
out to assess any effect on diastereoselectivity. The ratio of exo/endo isomers of the 
reaction at 1 h was used to quantify this. Dodecane was used as internal reference (10 
% of the weight of acrolein in the reaction mixture = 3.3 mole %). In some cases
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the dodecane was dissolved in the acrolein, while in others it was pre-dissolved in the 
cyclopentadiene to see if the results were comparable. In most cases the product was 
extracted from the solid using toluene unless otherwise stated. Also, control reactions 
were run. It should be noted that ALL solids were selected so as to be highly insoluble 
in the predominantly hydrocarbon reaction mix. ALL reactions had the appearance of 
a solid or slurry. The exact procedure is detailed in experimental section 2.2.11 and 
the following table 2.20 shows a summary of the results found by GC analysis.
Table 2.20 - The influence of various solids on diastereoselectivity in the reaction between 1:5 
acrolein/cyclopentadiene at 25 °C.
Solid Amount of solid /m g(a) Ratio of exo/endo(b)
Na2S04 50 0.25 (±0.02) :1
Aspartic acid 50 0.29 (±0.03) :1
A1C13 50 0.49 (±0.04) :1 (c)
a-D-glucose 50 0.25 (±0.02) :1
Mg(C104)2 50 0.29 (±0.04) :1
Carbon 25 0.20 (±0 .01) :1
Carbon 50 0.22 (±0 .01) :1
Carbon 100 0.27 (±0.01) :1
Na2SC>4 50 0.27 (±0.02) :1
Na2SC>4 100 0.27 (±0.03) :1
Na2SC>4 200 0.28 (±0.02) :1
. Na2S04(d) 100 0.30 (±0.03) :1
Na2S04 w 100 0.31 (±0.02) :1
Na2S04 (t)
300
0.24 (±0.001) :1
Na2S04 (B) 100 0) 0.26 (±0 .01) :1
Na2S04 (h)
300
0.26 (±0 .02) :1
Na2S04 w 100 a) 0.28 (±0.004) :1
Silica 50 0.1 (±0 .01) :1
Control - 0.26 (±0 .01) :1
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(a) 12 jul of 1:5:0.03 molar ratio of acrolein/cyclopentadiene/dodecane.
(b) Determined after 1 h by comparison of GC peak areas. Each value is a mean of 2 independent runs, 
each injected twice. Each inj. showing a st.d. of < ± 8 %.
(c) average of 6 independent runs.
(d) dodecane in cyclopentadiene.
(e) acrolein and cyclopentadiene added separately.
(f) extracted with toluene - 3 drops.
(g) extracted with toluene - 10 drops.
(h) extracted with D C M  - 4 drops, average of 4 runs.
(i) extracted with D C M  - 10 drops.
(j) reacted for 1.5 h rather than 1 h.
The reaction on Na2S04 was worlced-up under a variety of conditions to check the 
consistency of the methodology.
AICI3 and silica are the only solids to have caused any noticeable change in 
diastereoselectivity with the exo/endo isomer ratio for AICI3 altered from -0.25:1 to 
-0.5-1 and for silica from -0.25:1 to 0.1:1. There is no obvious dilution effect 
observed when the amount of solid used is increased. Adding the acrolein and 
cyclopentadiene separately may have very slightly increased the amount of exo 
isomer present, but not to any significant extent.
2 .3 ! 1 The influence of a single crystal of NaCKX on acrolein / 
cyclopentadiene enantioselectivity
q  Chiral single 
I ciystal NaCIO
CHO 
(IS, 2S, 4S)
+
H
(IS, 2R, 4S)
(IR, 2R, 4R) (IR, 2S, 4R)
endo exo
Scheme 2.9 - Reaction of acrolein/cyclopentadiene 011 a chiral single crystal of NaC103.
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Solid NaClCty, when recrystallised from water is known to undergo total spontaneous 
resolution to yield enantiomerically pure single crystals.7 The aim was to use a single 
crystal of NaClCb to influence enantioselectivity of the Diels-Alder reaction between 
reagents, acrolein and cyclopentadiene, soaked into the crystal. It was hoped that the 
acrolein could bind to the NaClCb in such a way that the approach of the diene would 
be restricted, and therefore cause the product to show (at least some) 
enantioselectivity. Such an approach has precedence, since chiral NaClCfy has been 
found to influence enantioselectivity in an addition of an organo zinc reagent to 
carbonyl. 26
The acrolein/cyclopentadiene reaction is shown in Scheme 2.9. A 1:1 mole/mole 
mixture of acroleip and cyclopentadiene was allowed to react on, while soaked intp, a 
single crystal of NaClC>3d at 25 °C (192.4 pi mix to 813 mg crystal of approximate 
dimension 1 x 1 x 1 cm ).
The extraction solvent was changed to diethyl ether, which could be removed easily at 
room temperature. The jH NMR (Fig. 2.20) of the product extracted from NaClCfy 
after 135 mins showed good yield with a 1:4 exo/endo adduct ratio. This ratio is the 
same as in the control, reaction so NaClCfy has not affected the diastereoselectivity. 
This probably indicates that NaC103 has NOT influenced the enantioselectivity since 
it seems unlikely that a topological effect of the solid surface on the enantioselectivity 
would not also alter diastereoselectivity.
d The crystal was ground to a fine powder before adding the reaction mix and allowing it to soak in.
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Fig. 2.20 - 'H N M R  of crude bicyclo[2,2,l]hept-5-ene-2-carbaldehyde.
Nonetheless, NaBffy reduction of the adduct yielded the alcohols (Scheme 2.10) since 
peaks at 9.42 and 9.79 ppm, the endo and exo aldehyde peaks respectively are gone. It 
also shows a set of multiplets at 3.2-3.8 ppm. These represent the 2 hydrogens (Ha
and Hfy), which are diastereotopic, of the 1 ° alcohol. These are present for the exo and
endo diastereomers resulting in 4 multiplets.
The mechanism of action of sodium borohydride in reducing an aldehyde is as shown 
in Scheme 2.10:
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H
R = A
R>
H'
Na
:c-- o
Y k *
P h
e H
TS
/ C - O a 
H 1 ,-l* H 
h r  H 
P h
H
H (+)
H
Scheme 2.10 - The mechanism of action of sodium borohydride in reducing an aldehyde.
Fig. 2.21 -' H N M R  of reduced adduct from reaction of acrolein/cyclopentadiene on a single crystal of 
NaC103.
The next step involved reaction of the alcohol with the chiral Mosher’s acid to allow 
discrimination of resulting diastereomers by 'H NMR analysis.
The reduced adduct mix was reacted with the enantiomerically pure acyl chloride, (+)- 
a-methoxy-a-trifluoromethylphenylacetyl chloride (chloride of Mosher’s acid).
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Reduction of the aldehyde group of the Diels-Alder adduct to an OH group allows it 
to react with the Mosher’s acid chloride to form an ester derivative. The two 
enantiomeric alcohols of each adduct diastereomer (endo and exo) each become 
diastereomeric esters, allowing the components present to be distinguished in the 
NMR. This, in turn, allows amount of the alcohol, and hence the original aldehyde 
enantiomers to be quantified.
The reaction of mixed enantiomers of an alcohol with Mosher’s acid chloride to 
observe resolution by NMR is shown in Scheme 2.11.
Scheme 2!1 — The reaction of mixed enantiomers of an alcohol with Mosher’s acid chloride.
The NMR spectrum of the ester from reaction of the reduced adduct mix and the
Mosher’s acid chloride is shown in Fig. 2.22.
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It can be seen that a reaction between the reduced product and Mosher’s acid has 
occurred by the shifting of the peaks to 3.85-4.50 ppm (compare Fig. 2.21, region 
around 4 ppm clear). There is however, only one MeO singlet present, which is 
puzzling. If a complete (100 %) asymmetric reaction had taken place, one would 
expect to see 2 MeO singlets, resulting from the one enantiomer of the exo isomer and 
the one of the endo. If no asymmetric induction had occurred on the chiral single 
crystal of NaClOs and a racemic mixture was produced, four MeO peaks would be 
expected, resulting from both enantiomers of both the exo and endo adducts. It could 
be that the peaks are coincident but it is unlikely that MeO, Ha, Hb peaks are ALL 
coincident! The reaction was repeated but the same result was obtained.
The !H NMR was also carried out in d-pyridine as it was thought that this may 
separate the MeO peaks, but it did not.9
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2.3.12 The effect of various solids on the acrolein/isoprene reaction
The 1:5 mole/mole acrolein/isoprene reaction was carried out on V-cyano-Ari-(4- 
chlorophenyl)guanidine, NaClCb, and Si02. A volume of 12 pi of the reaction mix 
(containing 0.021 mmoles acrolein, 0.0007 mmoles dodecane, 0.1 mmoles isoprene) 
was added to 50 mg of each solid and left to react at 25 °C for 24 h after which time 
GC analysis was carried out. The amount of product measured against dodecane for 
/V-cyano-Ar -(4-chlorophenyl)guanidine and NaClC>3 was very small so the reaction 
does not appear to be catalysed by these two materials. Si02 increased the rate of the 
reaction with production of ~3-4 times the amount of product (ca. 100 % yield by 
NMR) when compared with the control reaction at 24 h (ca. 25 %). The Si02 based 
reaction was also analysed by 'H NMR relative to control and showed complete 
conversion, but to para only, after 24 h.
product
(para) product acrolein
(a) on silica (b) control
Fig. 2.23 - 'H N M R  of acrolein/isoprene reaction after 24 h (a) on silica, (b) control.
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2.4 Conclusions
The 1:5 mole/mole aero lein/1,3-cyclohexadiene reaction was confirmed to give a 95:5 
endo/exo isomer ratio and the products were successfully isolated and purified by 
vacuum distillation. The standard 1:5 mole/mole acrolein/1,3-cyclohexadiene reaction 
shows -5  % completion after 24 h with a /c2 of 5.2 x 10'8 s' 1 dm3 mol' 1 at 25 °C.
A sound methodology for the analysis of the reaction when reagents are soaked into 
solids has been established. There was found to be no difference in the results 
obtained from carrying out identical reactions using the methods termed ‘mixed 
liquids’ and ‘mixed solids’ (see results 2.3.10.1).
Solid AICI3 , Mg(C104)2 and carbon at 17:1, 9:1 and 190:1 mole ratio respectively to 
acrolein catalysed the acrolein/cyclohexadiene reaction to give 30 %, 100 % and 40 % 
yield, respectively at 24 h. For AICI3 and Mg(C104)2 the metal cation behaves as a 
Lewis acid. This Lewis acid type effect accelerates the reaction by increasing the 
polarisation of the dienophile. This lowers the LUMO energy of the dienophile and 
hence the energy gap between the HOMO of the diene and the LUMO of the 
dienophile and accelerates the reaction.
The carbon effect might be explained by the fact that it is highly absorbent, allowing 
the reactants to become trapped and compressed within the pores or between particles, 
forcing the reagents towards the more compact transition state geometry encouraging 
them to react at a faster rate.
No catalysis of acrolein/cyclohexadiene reaction is observed in the presence of 
Na2S04, aspartic acid, a-D-glucose, guanidine carbonate or NaGCfy Aspartic acid 
(pA, a-NH3+ = 9.8)27 and a-D-glucose (p/fa = 12)28 are both quite weakly acidic 
which may account for this result as it will not hydrogen bond to the dienophile as 
readily as more acidic compounds would. Reaction on a cyanoguanidine suggests 
possible catalysis but overall gives a reduction in yield compared to control.
125
Chapter 2
Silica gel (pATa = 4)28 had a large catalytic effect on the acrolein/1,3-cyclohexadiene 
reaction, agreeing well with literature. Silica has hydrogen bonding sites that are able 
to coordinate to the dienophile which will lower the dienophile LUMO. It is also 
highly porous (mesoporous silica, average pore diameter > 1 0 0  A),28 allowing the D- 
A reagents to penetrate inside and interact with its inner surface. The typical surface 
area of silica gel is 300 -  600 m2 g' 1.28
Dichloromethane was shown to be a good solvent for extracting the adduct from the 
solids, and any variability in results can be attributed to a ‘pooling’ vs. ’spreading’ 
effect proposed in 2.3.10.1.
Investigation into the 1:5 mole/mole acrolein/cyclopentadiene reaction confirmed a 
1:4 exo/endo isomer ratio. Product (exo) isomer successfully isolated from a 1:1 
acrolein/cyclopentadiene reaction mix.
Determination of the rate constant k2 for the reaction of 1:5 mole/mole 
acrolein/cyclopentadiene was found to be 2.18 x 10'4 s' 1 dm3 mol'1. This value is 
significantly higher than for 1,3-cyclohexadiene.
Silica exhibited significant catalysis, with complete conversion within 10 minutes, 
(compared with 30 minutes for the control reaction). Silica also altered the exo/endo 
ratio from the 1:4 found in the control to 1:10.
No catalysis was exhibited in the reaction on quartz in contrast to silica. Possibly due 
to the fact that there are no OH groups at the surface of quartz allowing it to show 
hydrogen bonding to the dienophile.
The reaction using cyanoguanidine or NaC103 showed no catalytic effect by either of 
these solids, indeed further dilution by solid causing further slowing of the reaction.
The methodology for the acrolein/1,3-cyclohexadiene reaction was further refined for 
the acrolein/cyclopentadiene reaction since this includes significant dimer and the 
speed of the reaction requires rapid quenching and analysis.
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Diastereoselectivity was exhibited for the 1:5 mole/mole acrolein/cyclopentadiene 
reaction when carried out on AICI3 with an increase in exo isomer from 0.25:1 to 
-0.5:1. However, there was no change in diastereoselectivity observed for the 
acrolein/cyclopentadiene reaction when carried out on Na2S04 , aspartic acid, a-D- 
glucose, carbon and Mg(C104)2,
The 1:1 mole/mole acrolein/isoprene reaction was used to isolate the product, which 
was found to be 100 % para isomer by GC and NMR.
The 1:5 mole/mole acrolein/isoprene reaction showed a reaction completion time of > 
170 h by NMR. No catalysis was exhibited by V-cyano-A^-(4-chlorophenyl)guanidine 
or NaClCb although catalysis was exhibited by silica with a 3-4 fold rate increase of 
the reaction observed by GC and NMR.
The 1:1 mole/mole methyl acrylate/isoprene reaction produced 100 % of the para 
isomer.
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C hap te r 3
The use o f Mg(C104)2, carbon, silica and A1C13 
in the solid state to influence the D iels-A lder 
reaction
3.1 Introduction
The focus of this chapter is to demonstrate the potential for inorganic solids to 
catalyse and influence the Diels-Alder reaction by the deliberate introduction of 
reagents into or onto a generally porous, inorganic solids, in liquid-phase reactions. 
Heterogeneous organic reactions effected by reagents on porous solids are useful for 
several reasons. Good dispersion of active (reagent) sites can lead to significant 
improvements in reactivity. The constraints of the (molecular dimension) pores and 
the characteristics of surface adsorption can lead to useful improvements in reaction 
selectivity. Solids are generally easier to handle than liquid or gaseous reagents and 
the supported reagent is easy to remove from the final reaction mixture (filtration), 
hence minimising cross contamination between inorganic and organic components 
and may therefore be reused. The important factors in determining a good solid for 
influencing organic reactions are likely to include surface area (generally the larger 
the better; surface areas for common supports range from ca. 100 m2 g' 1 for some 
aluminas and crude clays to close to 1000 m2 g' 1 for some carbons), pore size (average 
pore diameter, pore size distribution, and total porosity may all be relevant; 
microporous zeolites have pore diameters as low as 0.3 nm whereas commercial 
silicas with average pore diameters > 100 nm are available). The availability of
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hydrogen bonding sites or a metal cation to co-ordinate to the dienophile of the D-A 
reaction is also considered to be an important factor in this chapter. Distinguishing 
between crystalline solids with regular pore structures and totally amorphous solids 
with a wide range of pores and irregular surfaces may also be important. Specific 
channel structures, such as those in zeolites, may result in molecular shape selectivity 
where the size and shape of a diffusing substrate or product are closely matched to a 
solid pore diameter.1 This is more commonly associated with gas-phase reactions, but 
can also be relevant in liquid phase catalysis.2
3.1.1 Objectives and Rationale
Carbon, AICI3, Mg(C104)2 and silica have been shown in chapter 2 to have a 
significant effect on the rate of the acrolein/1,3-cyclohexadiene reaction with reaction 
completions of 90 %, -30 %, 100 % and -40 % at 24 h, respectively, compared to 
control which shows -5 % completion at 24 h. Furthermore, AICI3 and Si02 
noticeably affected diastereoselectivity to give an exo/endo ratio of approximately 
0.5:1 and 0.1:1, respectively, (for acrolein/cyclopentadiene) compared with 0.25:1 for 
the control. For this reason, the use of these solids as catalysts in the Diels-Alder 
reaction has been examined in more detail. Objectives are, for each of the solids Si02, 
carbon, AICI3 and Mg(C104)2, to determine the extent of influence due to 
heterogeneous as opposed to homogeneous catalysis and to quantify catalysis and 
diastereoselectivity effect.
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3.2 Experimental
3.2.1 The use of silica as a catalyst in the Diels-Alder reactions
3.2.1.1 Acrolein/1,3-cvclohexadiene reaction in the vresence o f  SiO?
Acrolein (1.00 g, 17.9 mmoles) was added to dodecane (100 mg, 0.59 mmoles). Then 
450 pi of this mix comprising acrolein (409 pi, 343 mg, 6.13 mmoles) and dodecane 
(41 pi, 31 mg, 0.18 mmoles) was then added to 1,3-cyclohexadiene (2.87 ml, 2.41 g, 
0.03 moles). Silica (0.5, 1 and 1.5 g, 0.0083, 0.017 and 0.025 moles respectively) was 
then sprinkled into 3 ml of the reaction mix (acrolein, 370 pi, 310 mg, 5.54 mmoles, 
dodecane 37 pi, 27.7 mg, 0.16 mmoles and 1,3-cyclohexadiene, 2594 pi, 2181 mg,
27.3 mmoles)3 and the supernatant liquid monitored by GC at various time intervals.
3.2.1.2 Acrolein/1,3-cyclopentadiene reaction in the presence o f  SiO?
Acrolein (1.00 g, 17.9 mmoles) and dodecane (100 mg, 0.59 mmoles) were mixed and 
10 pi (acrolein, 9.09 pi, 7.6 mg, 0.136 mmoles and dodecane, 0.91 pi, 0.68 mg, 0.004 
mmoles) was added to cyclopentadiene (54.8 pi). Then 12 pi of this mixture was 
immediately added to Si02 (50 mg) which had been dried in an oven at 60 °C. After
2.5 minutes, the sample had dichloromethane (10 drops) added to extract the product 
and the supernatant was analysed by GC. The process was repeated but analysed after 
5, 7.5, 10 and 30 minutes, with preparation of a new reaction mixture each time.
a Mole ratio of ac:chd:dd:Si02 = 1:5:0.033:(1.5, 3, 4.5).
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3.2.2 The use of A1CL as a catalyst in the Diels-Alder reaction
3.2.2.1 Acrolein/1,3-cyclohexadiene reaction onAlCU
To a solution of 450 pi acrolein/dodecane mix (acrolein, 409 pi, 343 mg, 6.13 
mmoles, dodecane, 41 pi, 31 mg, 0.18 mmoles) taken from a solution made up of 
acrolein (1.00 g, 17.9 mmoles) and dodecane (100 mg, 0.59 mmoles) was added to
1.3-cyclohexadiene (2871 pi, 0.03 moles). Then 3 ml of this solution (acrolein, 370 
pi, 310 mg, 5.54 mmoles, dodecane 37 pi, 27.7 mg, 0.16 mmoles and 1,3- 
cyclohexadiene, 2594 pi, 2181 mg, 27.3 mmoles) was added to AICI3 (50 mg and 200 
mg, 0.37 mmoles and 1.5 mmoles respectively) and the supernatant liquid monitored 
by GC at various time intervals.
3.2.3 The use of carbon as a catalyst in the Diels-Alder reaction
3.2.3.1 Acrolein/1.3-cyclohexadiene reaction on carbon
Acrolein (1.00 g, 17.9 mmoles) was added to dodecane (100 mg, 0.59 mmoles). A 
portion of this mix (50 pi, 37.8 mg of which is acrolein, 0.67 mmoles) was added to
1.3-cyclohexadiene (319 pi, 268 mg, 3.35 mmoles), 12 pi of which was then added to, 
and allowed to soak into carbon (50 mg) in a 2 cm3 sample tube to give a mix 
comprising acrolein, 43.6 pmoles; cyclohexadiene, 217.9 pmoles; dodecane, 1.44 
pmoles. The remaining reaction mix was kept as a control. It was allowed to react for 
1 h in a water-bath at 25 °C after which time dichloromethane (10 drops) was added 
to extract the product, the supernatant liquid was then analysed by GC. The reaction 
was repeated and monitored by GC at 6 h 30.
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3.2.3.2 Various Diels-Alder reactions on carbon
Carbon (200 mg and 1.00 g, 0.017 and 0.08 moles) was sprinkled into 3 ml of an 
acrolein/1,3-cyclohexadiene reaction made up from acrolein (0.4 ml, 0.005 moles, 
0.32 g), dodecane (0.043 ml, 0.19 mmoles, 32 mg) and 1,3-cyclohexadiene (2.55 ml, 
0.027 moles, 2.14 g). The supernatant was monitored by GC at various time intervals. 
It was repeated for 2.72 ml of a solution containing methyl acrylate (0.4 ml, 0.004 
moles, 0.38 g), dodecane (0.05 ml, 0.22 mmoles, 38 mg) and cyclopentadiene (2.27 
ml, 0.027 moles, 1.82 g). It was also carried out on 3 ml of a reaction containing 
acrolein (0.37 ml, 0.005 moles, 0.3 g), dodecane (0.04 ml, 0.18 mmoles, 30 mg) and 
isoprene (2.59 ml, 0.026 moles, 1.81 g). It was finally carried out on an 
acrolein/cyclopentadiene reaction containing acrolein (0.46 ml, 0.0064 moles, 0.36 g), 
dodecane (0.048 ml, 0.21 mmoles, 36 mg) and cyclopentadiene (2.5 ml, 0.03 moles,
2.00 g).
3.2.4 The use of MgfCKV)? as a catalyst in the Diels-Alder reaction
3.2.4.1 Acrolein/1.3-cvclohexadiene reaction on Mg(ClOfig
Acrolein (1.00 g, 17.9 mmoles) was added to dodecane (100 mg, 0.59 mmoles). A 
portion of this mix (50 jul, 37.8 mg of which is acrolein, 0.67 mmoles) was added to
1,3-cyclohexadiene (319 pi, 268 mg, 3.35 mmoles), 12 pi of which was then added to, 
and allowed to soak into Mg(C104)2 (50 mg) in a 2 cm3 sample tube to give a mix 
comprising acrolein, 43.6 pmoles; cyclohexadiene, 217.9 pmoles; dodecane, 1.44 
pmoles. The remaining reaction mix was kept as a control. It was left to react for 1 h 
in a water-bath at 25 °C after which time dichloromethane (10 drops) was added to 
extract the product, the supernatant liquid was then analysed by GC. The reaction was 
repeated a further 3 times and GC analysis carried out at 1 m, 2 m and 10 m.
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3.2.4.2 Acrolein/1,3-cvclohexadiene reaction with suspendedMg(ClOJ ?
Acrolein (1.00 g, 17.9 mmoles) was added to dodecane (100 mg, 0.59 mmoles), 150 
pi of which was added to 1,3-cyclohexadiene (957 pi) to give a solution of acrolein
2.01 mmoles, 1,3-cyclohexadiene 10.05 mmoles, dodecane 0.066 mmoles. Mg(C104)2 
(50 mg) was added to 750 pi of the reaction mix (acrolein, 1.36 mmoles, 1,3- 
cyclohexadiene, 6.81 mmoles, dodecane, 0.045 mmoles) and stirred at 25 °C. At t = 
12 m a few drops were removed and kept aside. The remaining solution was left to 
react and both solutions were analysed by GC at various time intervals. The reaction 
was repeated with samples removed at various time intervals.
3.2.4.3 1:1 Mole/mole acrolein/1,3-cvclohexadiene reaction in the 
presence o f  dissolved Mg (CIOJ ?
Acrolein (1.00 g, 17.9 mmoles, 1192 pi) was added to dodecane (100 mg, 0.59 
mmoles, 133 pi), 100 pi (acrolein 1.35 mmoles, dodecane 0.045 mmoles) of which 
was added to Mg(C104)2 (5 mg, 0.02 mmoles) and shaken until the solid had 
dissolved. 1,3-cyclohexadiene (127.6 pi, 108 mg, 1.34 mmoles) was then added and 
the reaction monitored by GC and lH NMR. ’H NMR values - 8 9.57 (s. -  acrolein 
CHO), 9.46 (s. - adduct CHO), 6.11 (m. -  adduct), 5.67-5.91 (br. m. -  diene), 4.57 
(br. s. - adduct).
3.2.4.4 1:5 Mole/mole acrolein/isoprene reaction with added Mg/CIO A?
Acrolein (1.00 g, 17.9 mmoles) was added to dodecane (100 mg, 0.59 mmoles), 100 
pi of which was added to isoprene (668 pi, 0.455 g, 6.69 mmoles) to give a solution 
comprising 1.34 mmoles acrolein, 6.70 mmoles isoprene and 0.044 mmoles dodecane. 
750 pi of this mix (acrolein, 1.31 mmoles, dodecane, 0.043 mmoles, isoprene, 6.54 
mmoles) was then added to Mg(C104)2 (50 mg, 0.22 mmoles) and stirred at 25 °C. At
135
Chapter 3
t = 5 m a few drops were removed and kept aside. The remaining solution was left to 
react and both samples were analysed by GC at various time intervals.
3.2.4.5 5:1 Mole/mole acrolein/isoprene reaction with dissolved 
M g lQ Q d i
Isoprene (1.00 g, 14.7 mmoles, 1468 pi) was added to dodecane (100 mg, 0.59 
mmoles, 133 pi), 1336 plb of which was added to acrolein (4555 pi, 3820 mg, 68.2 
mmoles) containing dissolved Mg(C104)2 (300 mg). Samples were removed every 5 
minutes (1 drop) for 40 minutesj placed in water (-0.5 ml) and diethyl ether (5 drops) 
added. The samples were monitored by GC and lH NMR. !H NMR values - 8 9.69 (s. 
-  CHO on adduct), 9.57 (sp. s, acrolein CHO), 6.37-6.49 & 4.92-5.21 (q. & m. -  
dienes on isoprene), 5.40 (br. s. -  diene on adduct).
3.2.4.6 1:1 Mole/mole acrolein/isoprene reaction with dissolved 
Mg(ClOJip (repeat)
Acrolein (1.00 g, 17.9 mmoles) was added to dodecane (100 mg, 0.59 mmoles). 100 
pi (acrolein 1.34 mmoles, dodecane 0.044 mmoles) of this mix was then added to 
Mg(C104)2 (2, 3, 4 and 5 mg) and shaken until it had dissolved. Isoprene (133.6 pi,
1.34 mmoles) was then added and the solution monitored by GC with aqueous work­
up.
The same procedure was repeated this time adding 200 pi of acrolein/dodecane mix 
(acrolein 2.68 mmoles, dodecane 0.088 mmoles) to Mg(C104)2 (10, 20, 30 mg), then 
adding isoprene (267 pi, 2.68 mmoles) followed by monitoring by GC. lH NMR 
values as for experimental 3.2.4.5.
b Assume pmix- PiSOprene 1468/1601 + pdodecane 133/1601 = 0.687. 133.6f.il is .‘.= 91.78mg, i.e.,
91.78/1100 of total isoprene + dodecane, i.e., 0.0834 of total, i.e., 0.0834 x 14.7mmoles of isoprene,
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3.2.4.7 Attempts to measure Mg (Cl O f ? catalysis under different 
conditions
The same procedure as 3.2.4.6 was carried out on larger amounts of Mg(C104)2. 
Acrolein (1.00 g, 17.9 mmoles) was added to dodecane (100 mg, 0.59 mmoles). 100 
pi (acrolein 1.34 mmoles, dodecane 0.044 mmoles) of this mix was then added to 
Mg(C104)2 (50, 100 and 150 mg) and shaken until it had dissolved. Isoprene (133.6 
pi, 1.34 mmoles) was then added and the solution monitored by GC with aqueous 
work-up.
lH NMR analysis of a reaction on Mg(C104)2 (5 mg) in 3.2.4.6 was carried out at 
various time intervals.
3.2.4.8 Solubility test for Mg(CIO I)? in isovrene
Mg(ClC>4)2 (1.00 g, 4.48 mmoles) was added to isoprene (25 ml) and left for 4 h with 
occasional shaking. The solution was then filtered, the solid washed with diethyl ether 
before allowing to dry and then being weighed.
Some of the remaining saturated isoprene was used in a 1:5 mole/mole 
acrolein/isoprene reaction. Acrolein (1 g, 17.9 mmoles) was added to dodecane (100 
mg, 0.59 mmoles). Then, 50 pi of this solution was added to saturated isoprene (334 
pi) to give a solution comprising 0.67 mmoles acrolein, 3.36 mmoles isoprene, 0.022 
moles dodecane and 3 pmoles Mg(ClC>4)2. The reaction was analysed by GC at 3 m, 
20 m, 40 m, 1 h and 72 h.
3.2.4.9 Solubility test for Mg(CIOJ ?  in acrolein/dodecane
Acrolein (1.00 g, 17.9 mmoles) was added to dodecane (100 mg, 0.59 mmoles), 200 
pi (acrolein, 2.68 mmoles, dodecane, 0.088 mmoles) of which was added to
0.0834 x 0.59mmoles of dodecane, i.e., isoprene 1.22mmoles, dodecane 0.049mmoles if acrolein is 
455j.il = 382mg = 6.82mmoles, this is 5.55:1.
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Mg(C104)2 (100 mg, 0.45 mmoles) and stirred which formed a paste. Isoprene (1336 
pi, 13.4 mmoles) was then added and the reaction mix analysed by GC at various time 
intervals.
Another reaction was earned out where 100 pi (acrolein, 1.34 mmoles, dodecane, 
0.044 mmoles) of the acrolein/dodecane mix was used to dissolve Mg(C104)2 (50 mg, 
0.22 mmoles). 1,3-cyclohexadiene (638 pi, 6.71 mmoles) was then added and 
analysed by GC.
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3.3 Results & Discussion
3.3.1 The use of silica as a catalyst in the Diels-Alder reaction
3.3.1.1 Acrolein/1,3-cvclohexadiene reaction in the presence o f  SiO?
A mix of acrolein, dodecane and 1,3-cyclohexadiene (3 ml) was added to silica (0.5, 1 
and 1.5 g) to give a suspension comprising a 1:5:0.033:(1.5, 3, 4.5) mole ratio of 
acrolein, 1,3-cyclohexadiene, dodecane and Si02.
The reaction was allowed to stand at 25 °C and the supernatant was monitored by GC 
at various time intervals (Table 3.1). A plot of % yield of adduct vs. time for the 
different amounts of Si02 is shown in Fig. 3.1.
The data was analysed firstly by the initial rates method.3 This is valid since the data 
in Fig. 3.1 approximates to linearity over the region monitored. The slope of the line 
[adduct] / At approximates to d[adduct] / dtt=o, and values of the slopes, calculated by 
converting the data of Table 3.1 and Fig. 3.1 to nominal concentrations,0 are in the 
table. Assuming that d[ adduct]/dtt=o = k2 [acrolein]0 [cyclohexadiene]o, the value of k2 
can be calculated (Table 3.4).
Secondly, the data was analysed by the pseudo-first order method.3 In this case the 
concentration of the excess 1,3-cyclohexadiene is assumed to be constant, 
[cyclohexadiene]t = [l,3-cyclohexadiene]o. So, d[adduct]/dt = /c0bS [acrolein] where 
hobs = k2 [ 1,3-cyclohexadiene]o, and a plot of ln([adduct]«> - [adduct]t) vs. time, or a 
plot where any property directly proportional to [adduct] is used, e.g. ln(% yield* - % 
yieldt) vs. time, gives k0bS as = - slope. These plots are shown in Fig. 3.2 and values of 
/fobs and /c2 given in Table 3.3. The k2 values are averaged in Table 3.5 and plotted 
against weight of Si02 in Fig. 3.3.
c In experimental 3.2.1.1, the amounts at t = 0 are given as acrolein = 5.54 mmoles, and 1,3- 
cyclohexadiene = 27.3 mmoles. Since the nominal total volume is 3 ml, this gives [acrolein]0 = 1.85 M, 
[l,3-cyclohexadiene]0 = 9.1 M. An 11 %  yield (e.g. entry 260 m, 1 g (mn 1) equates to [adduct] =
(11/100) x 1.85 = 0.20 M
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Table 3! - Reactivity of 1:5 mole/mole acrolein/1,3-cyclohexadiene (3 ml) in the presence of suspended Si02 
(0.5, 1, 1.5g) at 25 °C. At t = 0, acrolein = 5.54 mmoles, dodecane = 0.16 mmoles, 1,3-cyclohexadiene = 27.3 
mmoles, Si02 = 0.0083, 0.017, 0.025 moles respectively.
Time / 
mins
% yield of adduct per amount of silica (a)
0.5 g 
(run 1)
0.5 g 
(run 2)
lg  
(run 1)
1 g 
(run 2)
1.5 g
(mn 1)
1.5 g
(run 2)
20 - - 0.91 0.75 1.6 2.2
40 - - 1.7 1.2 2.5 2.5
60 - - 2.6 - - 4.2
80 - 0.29 3.4 3.6 - -
90 0.31 - - - -
100 - - 4.5 5.2 5.5 -
115 - 2.5 - - .. - -
120 - - 5.7 7.2 7.4 -
140 - - - - 8.2 -
145 - - - - - 12
160 - - 6.7 - - -
165 1.9 - - - - -
180 - - 7.6 - 10 -
190 1.6 - - - - -
200 - 5.4 7.8 9.7 11 -
220 - 4.6 8.8 9.6 13 -
240 - 5.6 9.6 11 - -
250 4.2 - - - - -
260 - - 11 - - -
270 4.3 - - - - -
275 - 5.8 - - - -
300 - - - 12 17 -
310 - 6.8 - - - -
335 - - 13 - - -
340 - - - - 18 -
355 - - 14 - - -
360 - - - 15 - -
(a) 3.0 ml of 1:5:0.03 mole ratio of acrolein/1,3'-cyclohexadiene/dodecane mix used.
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Fig. 3.1 - Plot of %  yield of adduct vs. time for reaction of acrolein/1,3-cyclohexadiene (3 ml) in the 
presence of Si02 (0.5, 1, 1.5 g). At t=0, acrolein = 5.54 mmoles, 1.83 M, 1,3-cyclohexadiene = 27.26 
mmoles, 9.05 M, dodecane = 0.163 mmoles, 0.053 M, Si02 = 0.0093, 0.017, 0.025 moles.
Table 3.2 - Linear regression of %  vs. t data (see text).
A m o u n t of silica / g Equation of the line for 
plot of % vs. t
R 2 value
0.5 (run 1) y = 0.0171x-0.6798 0.8714
0.5 (run 2) y = 0.0239x-0.4341 0.9362
1 (run 1) y = 0.0386x + 0.3521 0.9921
1 (run 2) y = 0.0414x + 0.4798 0.9733
1.5 (run 1) y = 0.054x + 0.422 0.995
1.5 (run 2) y = 0.0821x-0.2462 0.9821
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(a)
y = -1  74E-04x + 4.61 E+OO 
R2 = 8.63E-01
♦ ♦
100 150 200 250 300
Time / mins
(b)
Time / mins
(C) (d)
y = -5.95E-04X + 460E+00 
R2 = 9.97E-01 y = -8.68E-O& + 4.61 E+00 
R2 = 9.84E-01
200
(e) (f)
Fig. 3.2 - Pseudo-first order plots (In (100-% yield) vs, time) for 1:5 mole/mole acrolein/1,3- 
cyclohexadiene reaction on silica; (a) 0.5 g - run 1; (b) 0.5 g - run 2; (c) 1 g - run 1; (d) 1 g - run 2; (e) 
1.5 g - run 1; (f) 1.5 g - run 2.
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Table 3.3 - Rate constants by pseudo first order analysis of 1:5 mole/mole acrolein/1,3-cyclohexadiene 
reaction of silica at 25 °C.
Silica / g k0bs / min'1 k2l s '  dm4 mol'1 'a)
0.5 (mn 1) 1.74 x 104 3.20 x Iff7
0.5 (run 2) 2.46 x 10'4 4.53 x Iff' .
1 (run 1) 4.14 x Iff4 7.62 x Iff'
1 (run 2) 4.46 x Iff4 8.21 x Iff''
1.5 (nm 1) 5.95 x Iff4 1.10 x 10'6
1.5 (run 2) 8.68 x 10'4 1.6 x Iff6
(a) k2 = (Lbs / 60) / [cyclohexadienejo where [cyclohexadiene] = 9.05 M.
Table 3.4 - Initial rates method.
Silica / g d [adduct] / dt / mol dm'3 
min'
k2l s'1 dm3 mol'1 w
0.5 (run 1) 3.17 x 10'4 3 ! 9 x l0 '7
0.5 (run 2) 4.42 x 10'4 4.45 x 10'7
1 (run 1) 7.12 x 10'4 7 ! 7 x  10'7
1 (run 2) 7.64 x 10'4 7.7 x 10"7
1.5 (run 1) 9.96 x 10-4 1.00 x 10'6
1.5 (run 2) 1.50 x 10'3 1.5 xlO '6
(a) k2 — (d [adduct]/dt) / 60) / [cyclohexadiene]0 [acrolein]0 where [cyclohexadiene] = 9.05 M, 
[acrolein] = 1.828 M.
Table 3.5 - Summary of k2 values.
Silica
/g
Average k2! s'1 dm3 mol'1 (a) Average(b) 
k2 / s dm3 mol'1Pseudo first order Initial rates
0.5 (3.87 ± 0.67) x 10'7 (3.82 ± 0.63) x Iff7 (3.84 ± 0.65) x 10'7
1 (7.92 ± 0.30) x 10'7 (7.44 ± 0.27) x Iff7 (7.68 ± 0.37) x Iff7
1.5 (1.35 ± 0.25) x Iff6 (1.25 + 0.25) x Iff6 (1.30 ± 0.26) x Iff6
(a) Averaged, for each analysis method, over both runs.
(b) Averaged over each kinetic analysis method.
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Wt of silica I g
Fig. 3.3 - Variation of k2 value from 1:5 mole/mole acrolein/1,3-cyclohexadiene reaction at 25 °C with 
amount of silica. At t=0, acrolein = 5.54 mmoles, 1,3-cyclohexadiene = 27.26 mmoles, Si02 = 0, 8.32, 
16.64, 24.96 mmoles. Volume of reaction mix = 3 ml.
The enhancement due to S i0 2 can be quantified by comparison with control in chapter 
2, as 7.16 x lO 'V 1 dm3 mol'1 / g S i0 2.d
Assuming that acrolein and S i0 2 form a weak complex, a mechanism is proposed and 
from this k2 can be equated to &Xx[Si02] where k is the rate constant for reaction o f 
complexed acrolein with 1,3-cyclohexadiene, K is the equilibrium constant for 
acrolein-Si02 binding and x is the fraction o f effective sites, [S i0 2] is the nominal 
molar concentration o f S i0 2.
This suggests a mechanism involving catalysis by formation o f a weak H-bonded 
complex between the C=0 o f acrolein and the acidic HO-Si= groups on the S i0 2 
surface. Th is interpretation is reinforced by the evidence o f no catalysis when quartz 
is used (chapter 2).
d This value is for 1 g / 3 ml. For 3 g / 3 ml assume 3 x 7.16 x 10'7 s'1 dm ' mol'1 - 2.15 x KT6 s'1 dm3 
mol'1 / g ml'1, thus, k2 (SiO,)/ k2 (control) = 2.15 x 1005 x 10'8 / g ml'1 = 43 / g ml'1.
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K
acr + Si02 - acr:Si02
1,3 -cyclohexadiene
acr: Si02 __________ ^  product
k
If it is assumed that only a small fraction of the available Si02 sites are occupied at 
equilibrium (i.e. weak complex) i
[acrolein-Si02] = K[ acrolein] [Si02]
d[adduct]/dt = -d[acrolein]/dt = /c[acrolein-Si02] [diene]
= /cK[ acrolein] [Si02] [diene]
= /fobs[acrolein] where /c 0 b s  = /cX[Si02] [diene] (diene is constant =
[diene]o because of 5-fold excess)
/c2 =  /c0bS/[diene]o =  /cX [S i02]
J
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3.3.1.2 Acrolein/cvcloventcidiene reaction in the presence ofSiO?
Silica (50 mg, 833 pmoles) was impregnated with 12 pi of a solution of 
acrolein/cyclopentadiene, comprising acrolein (24.8 pmoles), dodecane (0.8 pmoles) 
and cyclopentadiene (124 pmoles) and allowed to react before extraction and analysis 
by GC. This reaction involves a ca. 10-fold greater ratio of Si02:acrolein than in the 
previous section (for cyclo/iejcadiene). This was done to try to ensure that a significant 
proportion of the acrolein/cyclopentadiene reaction, fast even under ‘control’ 
conditions (see chapter 2) went via the Si02 catalysed route. The reaction was 
repeated four times, but analysed at different times.6 The results are shown in Table
3.6 and in Fig. 3.4.
Results from a ‘mixed solids’ method (see chapter 2) where the reactants were added 
to separate portions of silica and then mixed were compared with the following results 
and found to be no different.
Table 3.6 - Reactivity and diastereoselectivity of 1:5 mole/mole acrolein/cyclopentadiene (12 pi) on 
Si02 (50 mg) at 25 °C.
Time
(mins)
% yield of adduct(a)
Control Si02 (50 mg)w
exo endo exo endo
2.5 1 10 4 42
5 3 24 5 56
7.5 ■ 6 33 6 65'
10 9 41 1 73
30 20 85 12 92
(a) GC analysis of extracted reaction material.
(b) 12 pi of 1:5:0.033 mole ratio of acrolein:cyclopentadiene:dodecane.
e Separate runs are needed because the reaction mix must be extracted from the solid for analysis.
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The speed of the reaction makes a formal kinetic analysis difficult, so a semi- 
quantitative assessment follows.
Addition of the silica gel to the reaction does appear to have increased the rate of 
product formation. It has also changed the ratio of exo/endo adduct from 1:4 to ca. 
1:10. The silica has kept the production of product isomers fairly constant over time, 
with a constant exo/endo isomer ratio of ca. 1:10. A comparison of the rate of this 
reaction with the control reaction can be viewed graphically (Fig. 3.4).
♦ Control 'exo' 
■  Control 'endo' 
Silica ’exo'
X Silica 'endo'
40
Fig. 3.4 - Plot of %  yield of adduct vs. time for reaction of 1:5 mole/mole acrolein/cyclopentadiene (12 
pi) in the presence of Si02 (50 mg) at 25 °C.
The silica would appear to be accelerating the reaction; there is a ca. 2-fold rate 
increase. This relatively modest acceleration relative to control provided by 50 mg 
Si02 per 12 pi mix contrasts with the ca. 43-fold increase for acrolein/1,3- 
cyclohexadiene provided by only 1 g of Si02 per 1 ml of reaction mix.
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3.3.2 The use of AlClj_as a catalyst in the Diels-Alder reaction
33.2.1 Acrolein/1,3-cyclohexadiene reaction on AlCU
The reaction of acrolein/1,3-cyclohexadiene, when allowed to soak into solid AICI3 
(molar ratio aerolein:dodecane:l,3-cyclohexadiene:AICI3 = 1:0.03:5:(0.07 or 0.27)) 
gave the results of Table 3.7.
Table 3.7 - Reactivity of 1:5 mole/mole acrolein/1,3-cyclohexadiene on A1C13 (50, 200 mg) at 25 °C. 
At t= 0, acrolein = 5.54 mmoles, dodecane = 0!6 mmoles, 1,3-cyclohexdiene = 27.3 mmoles, A1CI3 = 
0.37, 1.5 mmoles. Reaction mix volume (12pl).
Amount of 
AlCfe/mg
Mole ratio 
AICI3: acrolein
Time/mins % reaction completion(a)
50 0.07:1 15 103
200 0.27:1 1 55
200 0.27:1 60 80
200 0.27:1 200 92
(a) By GC determination of adduct relative to internal standard dodecane.
Clearly, the strong Lewis acid greatly accelerates the reaction even in the solid state 
although the 50 mg of AICI3 showed extensive dissolution. However, the reaction 
appears to be slower as AICI3 is increased further probably due to effective dilution b y . 
the solid. Because it is likely that a significant reaction portion is homogeneous 
catalysis, this was not investigated further.
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3.3.3 The use of carbon as a catalyst in the Diels-Alder reaction
3.3.3.1 Acrolein/1,3-cvclohexadiene reaction on carbon
As carbon showed a significant effect on the rate of the acrolein/1,3-cyclohexadiene 
reaction, its effect was observed in more detail by analysing by GC at shorter time 
intervals to give an idea of reaction completion times.
The amount of endo isomer was measured against the internal standard dodecane (10 
% by weight or 3 % mole/mole the amount of acrolein present in the reaction mix). 
The amount of exo product was only present in approximately 5 % of the total amount 
of product and too small to measure accurately so was therefore ignored. A reaction 
where the mix was allowed to soak into solid carbon was carried out first (Table 3.8).
Table 3.8 - Reactivity of 1:5 mole/mole acrolein/1,3-cyclohexadiene reaction on carbon (50 mg, 4.2 
mmoles) at 25 °C. At t = 0, acrolein = 43.6 pmoles, 1,3-cyclohexadiene = 217.9 pmoles, dodecane = 
1.44 pmoles. Reaction mix (12 pi).
Solid Amount/mg Time of 
reaction
% reaction completion(a)
Carbon 50 lh 6.4
Carbon 50 6h30m 25
(a) Determined by GC analysis relative to internal standard dodecane.
The results show that when the reaction is earned out on carbon, it is 25 % complete 
within 6 h 30 m. A standard reaction between 1:5 mole/mole acrolein/1,3- 
cyclohexadiene would typically be complete after approximately 10 days, and be only 
< 2 % after 6 h 30 m (Chapter 2, section 2.3.2). Given this large enhancement, the 
amount of carbon relative to reaction mix was reduced to give a suspension of carbon 
in reaction mix, which is more convenient to analyse.
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3.3.3.2 Various Diels-Alder reactions on carbon
Carbon (200 mg and 1.00 g, 0.017 and 0.08 moles) was sprinkled into 3 ml of an 
acrolein/1,3-cyclohexadiene reaction comprising acrolein (0.005 moles), dodecane 
(0.19 mmoles) and 1,3-cyclohexadiene (0.027 moles).
It was repeated for the methyl acrylate/cyclopentadiene reaction (2.72 ml) comprising 
methyl acrylate (0.004 moles), dodecane (0.22 mmoles) and cyclopentadiene (0.027 
moles). It was also carried out on the acrolein/isoprene reaction (3 ml) containing 
acrolein (0.005 moles), dodecane (0 !8  mmoles) and isoprene (0.026 moles). It was 
finally carried out on the acrolein/cyclopentadiene reaction (3 ml) (acrolein, 0.0064 
moles, dodecane 0.21 mmoles and cyclopentadiene 0.03 moles). Results are in Figs. 
3.5-3.7.
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Fig. 3.5 - Reactivity of 1:5 mole/mole acrolein/cyclopentadiene (3 ml), and 1:5 mole/mole methyl 
acrylate/cyclopentadiene (3 ml) on carbon (200 mg, 1 g) at 25 °C.
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Fig. 3.6 - Reactivity of 1:5 mole/mole acrolein/1,3-cyclohexadiene (3 ml) on carbon (200 mg, 1.00 g) 
at 25 °C.
♦ ac/iso on 200 mg - 
run 1
■ ac/iso on 200 mg - 
run 2
ac/iso on 1 g 
x ac/iso control
Time / mins
Fig. 3.7 - Reactivity of 1:5 mole/mole acrolein/isoprene (3 ml) on carbon (200 mg, 1.00 g) at 25 °C.
It can be seen that the use of carbon has increased the rate of some reactions when 
compared with the rate of the ‘control’ reactions in Chapter 2. Increasing the amount 
of carbon increases the rate further. However, the effect, even at 1 g, on the 
cyclopentadiene reactions is minimal. The effect, at 1 g, on the acrolein/1,3- 
cyclohexadiene reaction is ca. 5-fold, equivalent to 15 / g ml"1.
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Fig. 3.8 - First order analysis of 1:5 mole/mole acrolein/isoprene reaction on carbon (200 mg, 1 g) at 
25 °C. At t = 0, acrolein = 0.005 moles, dodecane = 0.18 mmoles, isoprene = 0.026 moles.
Table 3.9 - First order analysis of 1:5 mole/mole acrolein/isoprene reaction at 25 °C. At t = 0, acrolein 
= 0.005 moles, dodecane = 0.18 mmoles, isoprene = 0.026 moles.
Amount of carbon kobs / S k2 / s'1 dm3 mol'1
0 8.78x10'7 1.01 x 10';
200 mg 2.83 x 10*6 3.26 x lO^
200 mg 1.9x10* 2.19 x 10'7
1 g 4.68 x 10"6 5.4 x 10'7
(a) k2 = k0bs / [diene]0 where [diene] = 8.67 M.
152
Chapter 3
\NtC Ig
Fig. 3.9 - Variation of k2 value from 1:5 mole/mole acrolein/isoprene reaction at 25 °C with amount of 
carbon. At t = 0, acrolein = 0.005 moles, dodecane =0.18 mmoles, isoprene = 0.026 moles. Carbon = 
0, 0.017, 0.083 moles.
Kinetic analysis was carried out as for Si02, giving k0bS = k2 [diene]o (where k2 = 
kKx[C]. The enhancement due to carbon for the acrolein/isoprene reaction is obtained 
by comparing the slope of k2 vs. weight of carbon / g (k2(C)) with k2 (control), i.e. the 
intercept of ^ bs vs. weight of carbon / g. The slope gives the enhancement (k2(C)) as
4.1 x 10'7 s'1 dm3 mol'1 / g carbon and the intercept gives the control (&2(control) as
1.4 x 10'7 s'1 dm3 mol'1/
3.3.4 The use o f solid M g(C104)2 as a catalyst in the Diels-Alder reaction
3.3.4.1 Acrolein/1,3-cvclohexadiene reaction on Mg (CIO A?
As Mg(C104)2 showed a significant effect on the rate of the acrolein/1,3- 
cyclohexadiene reaction (Chapter 2), its effect was observed in more detail by 
analysing by GC at shorter time intervals to give an idea of reaction completion times. 
The amount of endo isomer was measured against the internal standard dodecane (10 
% by weight or 3 % mole/mole the amount of acrolein present in the reaction mix).
1 This value is for 1 g / 3 ml. For 3 g / 3 ml assume 3 x 4.1 x 1 O'7 s'1 dm ’ mol 1 — 1.23 x 10"6 s 1 dm 
mol*1 / g ml'1, thus k2 (C)/ k2 (control) = 1.23 x 10-6/ 1.4 x 10‘7= 9 / g ml'1.
153
Chapter 3
The amount of exo product was only present in approximately 5 % of the total amount 
of product and too small to measure accurately so was ignored.
Table 3.10 - Reactivity of 1:5 mole/mole acrolein/1,3-cyclohexadiene on Mg(C 1 0 4 ) 2 (50 mg) at 25 °C. 
At t = 0, acrolein = 43.6 pmoles, 1,3-cyclohexadiene = 217 pmoles, dodecane = 1.44 pmoles. Reaction 
mix = 12 pi.
Solid Amount/mg Reaction time 
/m in
% reaction completion(a)
Mg(C104)2 50 1 64
Mg(C104)2 50 2 88
Mg(C104)2 50 10 117
Mg(C104)2 50 60 122
(a) Determined by GC analysis of adduct relative to internal standard dodecane.
The results show that when the reaction is carried out on Mg(C104)2, it is complete 
within 10 mins. A control reaction between 1:5 mole/mole acrolein/1,3- 
cyclohexadiene would typically be complete after approximately 10 days, so this is a 
dramatic acceleration.
3.3.4.2 Acrolein/1.3-cyclohexadiene reaction with suspendedMg(ClOfl?
The catalytic effect on the rate of the acrolein/1,3-cyclohexadiene reaction was 
observed in chapter 2 and above. However, it is necessary to determine whether the 
catalysis is due to Mg(C104)2 as a solid, or whether it is due to Mg(C104)2 dissolving 
in the reagents and catalysing when in solution; the latter is a well known property.4 
As the reaction is very fast, under the standard ‘impregnated5 conditions of chapter 2 
and 3.3.4! (completion time of approximately 5 m), a larger excess of reagents 
relative to Mg(C104)2 was used to slow the reaction down to allow monitoring.
The reactions were set up by adding 750 pi of standard 1:5 mole/mole reaction mix to 
50 mg of solid resulting in a suspension of solid in the reaction mix. A sample of 
supematent was removed after 12 m. Both the removed homogeneous sample (A) and
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the reaction mix (B) with suspended Mg(C104)2 were monitored further at various 
time intervals. If some Mg(C104)2 had dissolved in the mix and this homogeneous 
catalysis is the sole or major cause of catalysis, then it would have been some present 
in the removed sample and catalysis would continue giving a reaction rate similar to 
that for the suspension at the time of sample removal.
Table 3.11 - Reactivity of 1:5 mole/mole acrolein/1,3-cyclohexadiene (750 pi) onMg(C104)2 (50 mg) 
at 25 °C. At t = 0, acrolein = 1.36 mmoles, dodecane = 0.045 nnnoles, 1,3-cyclohexadiene = 6.81 
mmoles.
Sample(a) Reaction time / h % reaction completion( 1
A 0.2 3.2
B 1 28
A 1 2.9
B 2 ■ 53
A 2 4.0
B 3 70
A 3 5.5
B 25 100
A 25 13
(a) Sample A  refers to a sample of supernatant taken from die reaction mixture at 12 min that has been 
kept aside, and sample B refers to the reaction mix containing suspended Mg(C104)2 itself.
(b) Analysed by GC.
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A - taken from 
reaction mixture 
at 12 m
B - reaction mix 
itself
Fig. 3.10 - Plot of %  reaction completion for 1:5 mole/mole acrolein/1,3-cyclohexadiene reaction (750 
pi) on suspended Mg(C104)2 (50 mg)
The results of % reaction completion vs. time for samples A and B are in Table 3.11 
and Fig. 3.10. It is clear that catalysis is solely heterogeneous, by solid Mg(C104)2, at 
least up to 12 m.
The results show that the sample removed after 12 minutes is much slower than the 
sample containing Mg(C104)2. Indeed the fact that there is no significant acceleration 
in sample A relative to control shows that there is no dissolution. However 12 m is a 
short time in the overall reaction (several hours) and over the whole course there 
remain the possibilities that (a) Mg(C104)2 is not dissolving or is dissolving very 
slowly, (b) Mg(C104)2 is dissolving but not catalysing in solution (unlikely) or (c) 
catalyst or dissolving of Mg(C104)2 is dependent on product.
Therefore, the reaction was monitored more closely over the 300 mins that are 
required for completion. The data are shown in Table 3.12 and Fig. 3.11.
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Table 3.12 - Reactivity of 1:5 mole/mole acrolein/1,3-cyclohexadiene (3 ml) on Mg(C104)2 (200 mg) 
at 25 °C.
Time / mins % reaction completion
40 14
80 19
100 32
120 62
135 88
160 103
205 107
240 113
A more detailed example of this is shown in the graph below;
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Fig. 3.11 - (a) 1:5 mole/mole acrolein/1,3-cyclohexadiene reaction (3 ml) on Mg(C104>2 (200 mg);
(b) Sampling of reaction mix at various times.
Clearly, there is no catalysis due to dissolved (homogeneous) Mg(C104)2 throughout 
the reaction, ruling out (c) above. Most likely is (a), that Mg(C104)2 is insoluble in the 
medium as catalysis is totally heterogeneous.
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An attempt to measure the extent of dissolution of the Mg(C104)2 was not successful, 
due to the very low solubility of Mg(ClC>4)2 in the hydrocarbon (diene) solvent.
The reason for a sigmoidal curve for the heterogeneous catalysis may be due to time 
or product causing fragmentation of particles exposing more surface, or slow 
penetration of particles by acrolein. Another possibility is that the product is not being 
released immediately from the surface of the Mg(C104)2 which would account for the 
initial slow increase of product, the sharp increase in the slope gradient would then 
suggest a sudden release of the product from the surface.
Enhancement, as crudely measured by time for completion of this reaction (ca. 150 
m) vs. control (ca. 10 days), is ca. 100-fold even for 200 mg / 3 ml; this is equivalent 
to 1500 / gm l'1.
3.3.4.3 Acrolein/1.3-cvclohexadiene reaction in the vresence o f  dissolved 
M g(ClOfii
The reaction in the previous section showed catalysis by heterogeneous Mg(C104)2. 
An attempt was then made to see if catalysis (in the acrolein/l,3-cyclohexadiene 
system) by homogeneous Mg(C104)2 is possible. A 1:1 mole/mole reaction mix, i.e. 
rich in carbonyl acrolein, was used to increase solubility of the solid in the 
hydrocarbon diene.
The reaction was carried out using acrolein/dodecane mix (100 pi) and 1,3- 
cyclohexadiene (127 pi) to give a mix comprising acrolein 1.35 mmoles, dodecane 
0.044 mmoles, 1,3-cyclohexadiene 1.34 mmoles) and Mg(C104)2 (5 mg, 0.02 
mmoles). The reaction was monitored by !H NMR and gave the spectra of Fig. 3.12.
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acrolein
/
j l i A X .
(a) t = 15 m (b)t = 40 m
ti
(c) t = 3 h (d) t = 21 h
endo
acrolein
(e) t = 46 h (f) t = 71 h
Fig. 3.12 - *H N M R  1:1 mole/mole acrolein/cyclohexadiene reaction (227 pi) at 25 °C with dissolved 
Mg(C104)2 (5 mg, 0.02 mmoles). At t = 0, acrolein = 1.35 mmoles, 1,3-cyclohexadiene = 1.34 mmoles 
(a) 15 m, (b) 40 m, (c) 3 h, (d) 21 h, (e) 46 h, (0 71 h.
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Fig. 3.12 shows product forming at 3 h (i.e. CHO at 9.46 ppm) and that the reaction is 
almost 90 % complete at 71 h. A 50 % completion at 21 h indicates a ca. 10-fold 
increase in reaction rate compared to the control (see chapter 2, section 2.3.2). For the 
‘suspension’, rate enhancement is ca. 100-fold (completion is < 6 h compared to 
many days) (see 3.3.4.2); given that the solubility of Mg(C104)2 in the 1:5 mole/mole 
acrolein/1,3-cyclohexadiene reaction is negligible compared with the 1:1 mole/mole 
mix here, this is further evidence that only heterogeneous catalysis occurs in 3.3.4.2 
There is only the endo isomer of the adduct present.
3.3.4.4 1:5 Mole/mole acrolein/isoprene reaction with added Mg(ClOfl?
The Diels-Alder reaction with added solid Mg(C104)2 was attempted using isoprene as 
the diene in place of 1,3-cyclohexadiene (750 pi of a 1:5 mole/mole acrolein/isoprene 
mix with 3.3 % dodecane relative to acrolein (mole/mole) on 50 mg Mg(ClC>4)2. 
(conditions as in 3.3.4.2).
Table 3.13 - Extent of 1:5 mole/mole acrolein/isoprene reaction (750 pi) with added Mg(C104)2 (50 
mg, 0.22 mmoles) at 25 °C. At t = 0, acrolein =1.31 mmoles, dodecane = 0.043 mmoles, isoprene = 
6.54 mmoles.
Sample Reaction
time
% reaction completion(b)
Run 1 Run 2
A 5 mins 0 1.5
B 1 h 73 21
A 1 h 1.5 3.6
B 2 h 30 -
A 2 h 5.5 -
(a) Sample A  refers to a sample taken from the reaction mixture at 5 min that has been kept aside and 
sample B refers to the reaction mix itself.
(b) By G C  relative to internal standard dodecane.
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The results are in Table 3.13. The results appeal* to be similar to those for 1,3- 
cyclohexadiene with minimal catalysis of the 5 min removed homogeneous sample. 
However, it was seen that the Mg(C104)2 had fully dissolved within 1 h, which would 
make the solution ca. 0.3 M in Mg(C104)2. Therefore, the values for B in the mix are 
not just due to the solid, but also Mg(C104)2 in solution, which is gradually increasing 
over time. In other words, sample B shows heterogeneous and homogeneous 
catalysis.
On testing, it was found that Mg(C104)2 dissolves in the acrolein/dodecane mix alone, 
hi 1,3-cyclohexadiene runs it did not appear to be dissolving to any significant extent 
in the reaction mix (1:5 mole/mole acrolein/1,3-cyclohexadiene). This suggests that 
while Mg(C104)2 is soluble in acrolein, the solubility is greatly reduced when acrolein 
is diluted with 1,3-cyclohexadiene, but reduced to a much lesser extent when isoprene 
is the diluent.
The amount of dissolved Mg(C104)2 is fixed, but probably very low in the sample 
removed at 5 mins (A). Despite the slow increase in the ‘removed’ sample reaction 
over 1 h, it still appears to be faster than the control by a factor of ca. 10. This 
suggests there must be some dissolved Mg(C104)2 in the removed sample (A).
3.3.4.5 5:1 Mole/mole acrolein/isoprene reaction with dissolved
M g(ClQ4),
The acrolein/isoprene reaction appeared to involve some homogeneous catalysis by 
Mg(C104)2. But the solubility of Mg(C104)2 in the 1:5 mole/mole mix was difficult to 
keep constant at levels required (typically > 5 mg per 500 pi). A reaction involving 
1:2.5 acrolein/isoprene with 4 mg Mg(C104)2/434 pi mix appeared to reach 15-20 % 
after 21 h, but some precipitate was still evident.
So the ratio was changed to 5:1 mole/mole acrolein/isoprene to solubilise Mg(C104)2 
in a carbonyl-rich mixture. A mixture of isoprene 12.2 mmoles, dodecane 0.49 
mmoles, was added to 68.2 mmoles acrolein containing 300 mg Mg(C104)2. (Total 
liquid volume 5890 pi); the reactions were then analysed by GC at various time
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intervals Reactions involving lower levels, equivalent to 30-50 mg of Mg(ClC>4)2 
showed minimal acceleration compared to control.
Fig. 3.13 - 'H N M R  spectrum of 5:1 mole/mole acrolein/isoprene reaction (5.89 ml) on Mg(C104)2 
(300 mg) at 26.5 h.
Results from GC analysis at 28 h showed approximately 100 % completion, this was 
consistent with the NMR results at 26.5 h (Fig. 3.13), which also show approximately 
100 % completion. However, the presence of dissolved Mg(C104)2 was interfering 
with GC analysis.
3.3.4.6 1:1 Mole/mole acrolein/isoprene reaction with dissolved
Mz(ClOj)? -  (repeat)
The ratio of acrolein/isoprene was changed back to 1:1 mole/mole, closer to the 
standard 1:5 mole/mole condition used in much of this work, but acrolein rich enough 
to prevent excess of the isoprene from precipitating the solid from solution, as 
explained earlier.
However, a different work-up technique was used because some fluctuation in results 
from previous acrolein/isoprene experiments was thought to be due to solid 
Mg(C104)2 being retained within the syringe or entering the GC. This involved adding 
a drop of the reaction mixture to a few drops of water to dissolve any Mg(C104)2, then
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adding 5 drops of diethyl ether to extract the product. This allowed analysis of only 
the organic components.
The reaction involved 467 pi of a 1:1 mole/mole acrolein/isoprene reaction mix in 
which was dissolved 10, 20, 30 mg of Mg(C104)2 and the results are in table 3.14 and 
plotted in Fig. 3.14.
Table 3.14 - %  reaction completion of 1:1 acrolein/isoprene reaction (467pi) at various time intervals 
using dissolved Mg(C104)2 (10, 20, 30 mg) at 25 °C. At t = 0, acrolein — 2.68 mmoles, dodecane = 
0.088 mmoles, isoprene = 2.68 mmoles.
Time / mins Percentage reaction completion(a)
Dissolved Mg(C104)2(b)
10 mg 20 mg 30 mg
5 - - 7.7
20 - 8 -
35 - - 26
36 1.4 - -
43 - 17 -
65 - 22 -
72 2.9 - -
90 4.4 30 48
110 - 36 52
130 - - 55
150 6.3 - -
(a) GC analysis measured relative to internal standard dodecane.
(b) In 467 pi of 1:0.03:1 molar ratio, acrolein:dodecane:isoprene.
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Fig. 3.14 - Plot of %  reaction vs. time for reaction of 1:1 mole/mole acrolein/isoprene in the presence 
of dissolved Mg(C104)2 at 25 °C. At t=0, acrolein = 2.68 mmoles, dodecane = 0.088 mmoles, isoprene 
= 2.68 mmoles. Mg(C104)2 = 10, 20, 30 mg (0.045, 0.090, 0.135 mmoles). Total volume = 467 pi.
There are two possible kinetic analyses of this data, weak complex (a), or strong 
complex (b).
(a) weak complex
K  = [acrolein-Mg]eq / [acrolein]eq [Mg]eq
So [acrolein-Mg]eq = K  [acrolein] [Mg]
d[adduct]/dt = -d[acrolein]/dt = A:[acrolein-Mg]eq[diene]
= &K[Mg] [acrolein] [diene] = &obs[acrolein] [diene] &0bs = &A?[Mg] 
but since 1:1 reagents, [diene] = [acrolein] so,
-d[acrolein]/dt = &0bs[acrolein]2 a second order reaction 
l/[acrolein]t -  l/[acrolein]0 = tabst
(b) strong complex 
[acrolein-Mg]eq = [Mg]
d[adduct]/dt = -d[acrolein]/dt = &[acrolein-Mg]eq[diene]
= k [Mg] [diene] = &0bS[diene] &obs= k[Mg\
but since 1:1 reagents, [diene] = [acrolein] so,
-d[acrolein]/dt = &0bs[acrolein] a first order reaction
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Unfortunately, it was not possible to distinguish between these two, since both gave 
similar ‘fits’ as judged by R2. In order to get some idea of the magnitude of k the data 
was analysed by both methods.
4.8 -i
4.6 - 
S  4.4 -
.2 4.2 - 
S? 4 - 
o  3.8 - 
£  3.6 -
£  3.4 -
3.2 - 
3 - 
0
Fig. 3.15 - First order analysis of 1:1 mole/mole acrolein/isoprene in the presence of dissolved 
Mg(C104>2 at 25 °C.
Table 3.15 - First order analysis.
Mg(C104)2 / mg Mg(C104)2 / mol dm'3 kobs / min'1 I / s '1 dm3 mol' (
10 0.045 4.45x1 O'4 7.79 x 104
20 0.090 3.89 x 104
30 0.135 5.86 x 10'3
(a) Slope of plot of kohs / 60 vs. [Mg],
♦ 10 mg 
■ 20 mg 
30 mg 
—  Linear (10 mg)
 Linear (20 mg)
Linear (30 mg)
—i----------1----------1----
50 100 150
Time / mins
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Fig. 3.16 - Variation of kohs values from first order analysis of the 1:1 mole/mole acrolein/isoprene 
reaction with concentration of Mg(C104)2
♦ 10 mg
■  20 mg
30 mg
Linear (30 mg)
^ — ■Linear (20 mg)
—  Linear (10 mg)
Time I mins
Fig. 3.17 - Second order analysis of the 1:1 mole/mole acrolein/isoprene in the presence of dissolved 
Mg(C104>2 at 25 °C.
Table 3.16 - Second order analysis.
Mg(C104)2 / 
mol dm"3
&obs / min"1 dmJ 
mol"1
kK / s"1 dmGmol'iw kc^  / s"1 dm3 mol'1 (h)
0.045 0.82 xlO"4 2.89 x 10"* >145x10"*
0.090 8.74 x 104
0.135 16.4 x 10"*
(a) Slope of plot of A:obs/60 vs. [Mg].
(b) kK is divided by estimated K = 0.02.
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Fig. 3.18 - Variation of kobs values from second order analysis ofthe 1:1 mole/mole acrolein/isoprene 
reaction with concentration of Mg(C104)2
The value of k reflects the actual bimolecular constant for reaction of the complexed 
acrolein with isoprene. The value for the uncatalysed reaction (although measured for 
the 1:5 mix) is ca. 9 x 10'8 s'1 dm3 mol'1 so the complexation in solution increases the 
rate by at least 104-fold.
3.3.4.7 Attempts to measure M efClOj)? catalysis under different 
conditions
Reactions involving equivalent to < 10 mg showed only minimal increase relative to 
control. In addition, the reaction was carried out on larger amounts of Mg(C104)2 (50, 
100 and 150 mg) to determine the rate of the reaction when the material as a solid was 
present rather than wholly in solution. It was hoped that these larger amounts would 
stay insoluble, but the 50 mg had fully dissolved within 20 minutes. This is probably 
due to the comparatively high level of acrolein (in which the solid is soluble) when 
using a 1:1 reaction mix. The 100 mg fully dissolved within -30 minutes and using 
150 mg resulted in a paste forming within 20 minutes, therefore these reaction 
conditions are not suitable for clean measurement of the effect of the solid on the rate 
of the reaction.
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The reaction was also monitored where 5 mg Mg(C104)2 in 264 pi reaction mix (=10 
mg in 467 pi) showed ca. 15 % conversion at 3 h and 90 % at 70 h, Fig. 3.19 
using *H NMR analysis, results roughly consistent with aqueous work-up and GC 
analysis.
acrolein
\ product
(para)
/ JjJL J I j l l
acrolein
j ULl x
(a) t = 3h (b) t = 70 h
Fig. 3.19 - 'H N M R  (CDC13) analysis of 1:1 mole/mole acrolein/isoprene reaction (264 pi) on 
Mg(C104)2 (5 mg) at (a) 3 h; (b) 70 h.
3.3.4.8 Solubility test for MgfClOA? in isoprene
The solubility of Mg(C104)2 in isoprene was tested by adding Mg(C104)2 (1 g) to 
isoprene (25 ml) over 4 h with occasional stirring to saturate isoprene with 
Mg(C104)2. This was roughly determined by recovering the solid and weighing it 
when dry to see how much had dissolved in isoprene. More accurately, 2 ml of the 
saturated isoprene was evaporated on a watch glass and the difference in the weight 
was measured. There was 4 mg of residual product remaining on the watch glass 
indicating a solubility of 2 mg cm'3, 0.009 mol dm'3. The level of Mg(C104)2 in the 
experiment is therefore 3 pmoles, or a [Mg(C104)2] of 0.009 mol dm'3.
This is ca. 10 times lower than the slowest reaction of Fig. 3.14 (the higher level of 
dissolved Mg(C104)2 is possibly due to the acrolein-rich mix) so negligible catalysis 
was expected for diene-rich solutions. This was confirmed by adding the saturated 
isoprene to acrolein, giving only 11 % after 72 h. This would indicate that the small
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amount that is dissolved is not enough to affect the rate of the reaction. It shows the 
importance of the acrolein-rich solvent (1:1).
3.3.4.9 Solubility test for M gfCIO J y in acrolein/dodecane
As Mg(C104)2 is not significantly soluble in isoprene, its solubility in the 
acrolein/dodecane mix was tested (where dodecane is 10 % wt/wt (3.3 % mole/mole) 
the amount of acrolein).
Ca. 200 pi of acrolein/dodecane mix was needed to fully dissolve Mg(C104)2 (100 
mg), so a crude estimate of the solubility is 500 mg/cm3. Addition of isoprene or 1,3- 
cyclohexadiene to this solution in an attempt to explore homogeneous catalysis using 
the standard 1:5 mole/mole reaction mix (acrolein/dodecane mix (200 pi) on 
Mg(C104)2 (100 mg) with isoprene (1336 pi)) (acrolein/dodecane (100 pi) on 
Mg(C104)2 with 1,3-cyclohexadiene (638 pi)) DID cause a rapid reaction (completion 
< 1 h) but some precipitate occurred also, so it is impossible to know what reactivity 
is due to the solid Mg(C104)2 and what to the dissolved Mg(C104)2.
When cyclopentadiene was used as the diene, Mg(C104)2 (50 mg) dissolved almost 
immediately on addition of 750 pi of the 1:5 mole/mole reaction mix. Indeed 
Mg(C104)2 also dissolves in cyclopentadiene alone. However, since this reaction was 
fast even under ‘control’ conditions, it was not investigated.
The reactions between 1:1 mole/mole methyl acrylate/1,3-cyclohexadiene and 1:1 
mole/mole methyl acrylate/isoprene on 5 mg of dissolved Mg(C104)2 were monitored 
by *H NMR but no significant catalysis was observed. A 1:5 mole/mole methyl 
acrylate/isoprene reaction mix using 50 mg of dissolved solid was also tried but it was 
very slow and there was a problem with the solubility of Mg(C104)2 as it precipitated 
over time. The ester groups of methyl acrylate are less polarising than the aldehyde 
groups on acrolein so it did not dissolve the Mg(C104)2 as readily, or (presumably) 
complex as strongly.
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3.4 Conclusions
The catalysis and influence of the D-A reaction by porous, inorganic solids in liquid- 
phase reactions has been demonstrated.
Carbon, AICI3, Mg(C104)2 and silica had a significant effect on the rate of the 1:5 
mole/mole acrolein/1,3-cyclohexadiene reaction with % reaction completion of 90 %, 
-30 %, 100 % and 40 % respectively at 24 h compared with -5  % for the control 
reaction.
A kinetic analysis of heterogeneous catalysis of the 1:5 mole/mole acrolein/1,3- 
cyclohexadiene reaction by silica has been carried out. (Silica pore size: 60A, surface 
area: approx. 500 m /g). It was analysed by initial rates and pseudo first order 
kinetics, which gave a linear increase in k2 with amount of silica added. The 
enhancement due to silica was quantified by comparison of control in Chapter 2 as 
7.16 x 10'7 s '1 dm3 mol'1 / g silica, or 43 / g ml'1 in terms of /c2 (Si02) / k (control).
The kinetic results are interpreted in terms of a weak complexation with relatively few 
(probably surface) sites on silica particles. A mechanism involving catalysis by 
formation of a weak H-bonded complex between the O O  of acrolein and the acidic 
HO-Si= groups on the surface is suggested.
Consideration of possible coverage of silica by acrolein, is reasoned as follows (based 
011 stearic acid where the cross section area ‘head’ is known).53
For stearic acid, the cross section area is -  23 A2.5
Therefore, -  23 x 10'20 m2 per molecule. So, 1 mole covers 23 x 10"20x 6.022 x 1023 
m2 = 13.85 x 104 m2 or 1 mmole covers 138 m2.
Silica gel has an area of 500 1112 g'1 (N2, BET)5b due to porosity. Assuming acrolein 
has a similar area to stearic acid, the silica area is enough for 3.6 mmoles of acrolein 
per gram of silica. However, the area (500 1112 g'1) is based on N2, and it is unlikely 
that all acrolein is bound and that all surface area of silica is active in terms of OH 
sites (these acid OH sites are proposed as responsible for the high catalysis activity). 
Also, acrolein is larger than N2 so the area of silica available to acrolein is probably 
lower.
171
Chapter 3
The use of carbon increased the reactivity of the aero lein/1,3-cyclohexadiene, 
acrolein/isoprene and the acrolein or methyl acrylate/cyclopentadiene reactions by 5,
5.35 and 1-fold, respectively. In the control reaction the diene is the solvent, making 
the reactants as concentrated as they can be, however, the fact that carbon has a small 
effect on the rate of the reaction would suggest that the reactants, when surrounded by 
carbon are pushed together and ‘localised’ by carbon. They become trapped within the 
carbon pores or between the particles forcing the reagents towards the more compact 
transition state geometry (Fig. 3.20). There is a small dependence on ‘fit’ of the diene 
within pores since the most compact, cyclopentadiene, is barely enhanced at all.
(a) (b)
Fig. 3.20 - (a) Control reaction of 1:5 mole/mole acrolein/diene where reactants are concentrated, (b) 
carbon traps the reagents in a compact transition state geometry. (Red = acrolein, green = diene and 
black = carbon).
Mg(C 104)2 used as a solid was found to be a very good catalyst and is due to a Lewis 
acid effect. A 1:5 mole/mole acrolein/1,3-cyclohexadiene reaction carried out on the 
solid was complete within 10 m compared with 10 days for the standard reaction 
when no solid is used. A 1:2.5 mole/mole acrolein/isoprene reaction was 6 % 
complete within 40 m compared with 24 h for the control reaction.
Mg(C104)2 catalysis has been shown to be solely heterogeneous at least in the diene- 
rich medium.
The reaction profile of Mg(C104)2 on the acrolein/1,3-cyclohexadiene reaction gives a 
sigmoidal curve. As discussed, the reason for a sigmoidal curve may be due to time or 
product causing fragmentation of particles exposing more surface, or slow penetration
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of particles by acrolein. Another possibility is that the product is not being released 
immediately from the surface of the Mg(C104)2 which would account for the initial 
slow increase of product, the sharp increase in the slope gradient would then suggest a 
sudden release of the product from the surface. The enhancement due to 
heterogeneous Mg(C104)2 for the acrolein/1,3-cyclohexadiene reaction is very large at 
1500/g  ml'1.
The acrolein/isoprene reaction on Mg(C104)2 has been analysed by first and second 
order methods of analysis to obtain a linear increase of /c0bS with Mg(C104)2 added.
The solubility of Mg(C104)2 is highly dependent on the ratio of diene:dienophile and 
also on which diene is used. Mg(C104)2 is fully soluble in 1:5 mole/mole 
acroleimcyclopentadiene but not soluble in 1:5 mole/mole acrolein: 1,3- 
cyclohexadiene. Solubility in 1:5 mole/mole acroleimisoprene lies somewhere in 
between. A 1:1 mole/mole dienophile:diene ratio dissolves Mg(C104)2 more readily 
than 1:5 mole/mole dienophile:diene when the diene used is 1,3-cyclohexadiene or 
isoprene.
Catalysis of the acrolein/1,3-cyclohexadiene reaction by AlCfy has been observed and 
the reaction was complete within 15 m. The catalysis is due to a Lewis acid effect, 
however, AICI3 was homogeneous so was not investigated further.
It is clear that carbon can really only exert a ‘compression’ or localisation 
enhancement of reactivity; so the small enhancement factors ~9-15 / g ml’1 (for 
acrolein with 1,3-cyclohexadiene or isoprene) reflect this effect. Some shape selection 
appears to be operative since acrolein or methyl acrylate show little or no 
enhancement towards cyclopentadiene.
The enhancement for Si02 is greater at 43 / g ml"1 solid (greater still if per mole ml’1 is 
considered) and probably reflects a strong general acid catalysis by Si-OH surface 
groups. (pKa of Si02 is ca. 4).1 There may be also a compression or localisation effect, 
but it seems unlikely to be higher than for carbon.
The very large enhancement (1500 / g ml'1) for solid Mg(C104)2 must be due to solid- 
state Lewis acid catalysis. Thus the order of catalysis effect for solid catalysts is, 
Lewis acid »  general acid > compression 01* localisation
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C hap te r 4
The use o f bis-resorcinol anthracene in  the solid 
state to influence the D iels-A lder reaction
4.1 Introduction
In comparison to catalysis by inorganic materials, Diels-Alder catalysis by organic 
substances is rare. Following a brief report of catalysis of the acrolein/1,3- 
cyclohexadiene reaction within pores of a bis-resorcinol anthracene 1, this compound 
was selected to further explore Diels-Alder catalysis by an organic solid.1 
Its preparation involves the reaction between 5-chloro-l,3-dimethoxybenzene and 
magnesium metal to produce a Grignard reagent, followed by coupling to 9,10- 
dibromoanthracene, and demethylation to yield l .2
X
Fig. 4! - Structure of bis-resorcinol anthracene 1.
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4.2 Experimental
4.2.1. Preparation o f bis(3,5-dimethoxy-1 -phenyl)anthracene 2
5-Chloro-l,3-dimethoxybenzene (10.0 g, 57.9 mmoles) in THF (15 ml) was added to 
magnesium (2.11 g, 86.9 mmoles) in THF (15 ml) over 2 h along with 1,2- 
dibromoethane (1.5 g) to initiate the reaction and left stirring at room temperature for 
24 h. This reaction mix was then added at 40 °C to 9,10-dibromoanthracene (5.83 g,
15.3 mmoles) and NiCl2*bis(diphenylphoshinopropane) (0.19 g, 0.15 mmoles) in 
toluene (220 ml) and THF (150 ml) over 3 h, and left to stir at room temperature for 
18 h. It was then poured into water (400 ml) and extracted with ether (5 x 250 ml). 
The extract was washed with aqueous HCl (3 M) (750 ml), water (1000 ml), saturated 
aqueous NaHCC>3 (1000 ml), water (1000 ml), saturated aqueous NaCl (1000 ml) and 
dried (NaSCU), and filtered. It was then concentrated to an oily residue and a solid 
precipitated by use of dichloromethane-hexane. The precipitated material was filtered 
off and the filtrate was evaporated to yield a pale yellow powdery solid (3.0 g, 44 %) 
identified by !H NMR and TLC as crude bis(3,5-dimethoxy-1 -phenyl)anthracene 2  as 
the major component, along with 3 impurites. These were identified in order of 
polarity as 9,10-dibromoanthracene, 5-chloro-l,3-dimethoxybenzene, 9-bromo-10- 
(3,5-dimethoxy-l-phenyl)anthracene and 2  ( R f -  0.8, 0.6, 0.5 & 0.4 respectively). The 
mono-derivative was identified by LRMS (El) (M4- = 393). The crude 2  was purified 
by column chromatography (240 g of silica) using hexane-dichloromethane (19:1 to 
7:3) (6000 ml). A total of 0.7 g of pale yellow purified solid was removed from the 
column; a yield of 10 %. mp 280 °C. Lit. mp 280 °C.2 *H NMR values (CDC13) - 6 
7.78 (dd, J = 3.2, 6.4 Hz, 4H, Ar-H), 7.35 (dd, J = 3.3, 6.6 Hz, 4H, Ar-H), 6.71 (d, J =
3.06 Hz, 4LI, Ar-H), 6.46 (d, J = 2.05 Hz, 2H, Ar-H), 3.94 (s, 12H, OC/fy).2
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4.2.2. Demethylation of tetramethoxy derivative 1 Q-bis(3,5-dimethoxv-1 - 
phenyl)anthracene 2 to yield bis-resorcinol anthracene 1
Into a dichloromethane solution (10 ml) of the tetramethoxy derivative (0.3038 g, 
0.6745 mmoles) was added dropwise a CH2CI2 solution (5 ml) of BBr3 (0.375 ml, 
4.047 mmoles) over a period of 4 h at 0 °C. The mixture was poured into water (20 
ml) and extracted with diethyl ether (5 x 20 ml). The diethyl ether extract was washed 
with aqueous saturated NaHCCfy (100 ml), water (100 ml), and aqueous saturated 
NaCl (100 ml) and dried (Na2S04). Filtration and evaporation yielded crude bis­
resorcinol anthracene 1 (160 mg, 60 %). [H NMR analysis showed that the MeO 
groups had been removed and converted to OH groups. A TLC was also earned out 
using 5:1 hexane:ethyl acetate, and showed two spots, which were well separated so 
the same solvent system was used to separate the two compounds by column 
chromatography on Si02 (15 g). Once the desired product had been isolated after 
elution with 700 ml of solvent it was dried at 80 °C in vacuo for 10 h. Yield of 1 (160 
mg, 60 %) mp 365 °C, lit. mp > 360 °C.2 !H NMR values (DMSO-d6) - 5 9.58 (s, 4H, 
OH), 7.70 (m, 4H, HI), 7.41 (m, 4H, H2), 6.41 (t, J = 1.42, 2H, H4’), 6.25 (d, J = 
2.05, 4H, H2’).
4.2.3. Catalysis by bis-resorcinol anthracene of acrolein/1.3- 
cyclohexadiene reaction -  Suspension method
Acrolein (1.00 g, 17.9 mmoles, 1192 pi) was added to dodecane (100 mg, 0.59 
mmoles, 133 pi). Then, 50 pi of this solution (41.5 mg of which 38.8 mg, 0.67 
mmoles is acrolein and 0.022 mmoles is dodecane) was added to 1,3-cyclohexadiene 
(319 pi, 268 mg, 3.35 mmoles) followed by removal of 217 pi (0.39 mmoles acrolein, 
1.97 mmoles 1,3-cyclohexadiene) of this mix which was then added to bis-resorcinol 
anthracene (5 mg, 0.013 mmoles) and stirred at 25 °C. GC analysis of the solution 
was carried out at t = 0, 6 h, 1 day, 2 days, 3 days, 1 week. *H NMR at t = 6 h and 2 
days to monitor the extent of reaction. A control reaction was also run along-side as a 
comparison. *H NMR values (CDCI3): endo - 5 9.45 (d, J = 1.5 Hz, IH), 6.34 (ddd, J
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= 1.7, 6.4, 8.6 Hz, 1H) and 6 !0  (ddd, J = 1.8, 6.3, 8.6 Hz, 1H), 2.53-2.97 (m, 3H), 
1.20-1.78 (m, 6H). exo - 8 9.77 (br. S, 1H).
4.2.4. Effect of bis-resorcinol anthracene 1 on the rate and 
diastereoselectivity of the acrolein/cyclopentadiene reaction
Acrolein (1.00 g, 17.9 mmoles, 1192 pi) was added to dodecane (100 mg, 0.59
mmoles, 133 pi). Then, 50 pi of this solution (41.5 mg of which 38.8 mg, 0.67
mmoles is acrolein and 0.022 mmoles is dodecane) was added to cyclopentadiene 
(274 pi, 3.35 mmoles) and bis-resorcinol anthracene (1, 2, 5 and 10 mga) then added 
and stirred at 25 °C. GC analysis of the neat solution was carried out at t ~ 5 mins, 1 
h, 24 h and 48 h. ’H NMR at 1 h and 24 h shows the ratio of exo and endo 
diastereomers. A control reaction was also run along-side as a comparison. NMR 
values (CDCI3) -  endo: 5 9.42 (s, 1H, CHO), 6.22 (m, 1H, H-3), 5.98 (m, 1H, H-2), 
3.23 (s, 1H, H-5), 2.98 (s, 1H, H-4), 2.89 (m, 1H, H-l), 1.84-1.92 (m, 2H, H-6), 1.43- 
1.52 (m, 2H, H-7). exo: 5 9.79 (s, 1H, CHO), 6.15 (m, 2H, H-2, H-3), 3.12 (s, 1H, H- 
5), 2.27 (m, 1H, H-4), 1.98 (m, 1H, H-l), 1.65 (m, 2H, H-6), 1.28 (m, 2H, H-7).
4.2.5. Catalysis by bis-resorcinol anthracene of acrolein/isoprene 
reaction -  Suspension method
Acrolein (1.00 g, 17.9 mmoles, 1192 pi) was added to dodecane (100 mg, 0.59
mmoles, 133 pi). Then, 50 pi of this solution (41.5 mg of which 38.8 mg, 0.67
mmoles is acrolein and 0.022 mmoles is dodecane) was added to isoprene (319 pi, 3.2 
mmoles) and bis-resorcinol anthracene 1 (5 mg) added. The solution was stirred at 
25 °C and analysed by GC at t = 0, 5 h, 24 h, 48 h, 74 h and 1 week. *H NMR was 
carried out at t = 5 h and 48 h. A control reaction, made up of 10 % wt/wt dodecane in
a For 10 mg, 5 mg was used and reaction mixture halved, i.e 25 pi acrolein/dodecane mix (10% wt/wt 
dodecane in acrolein) + 137 pi cyclopentadiene.
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acrolein (0.5 ml) and isoprene (3 ! 9 ml) was mn alongside for comparison. !H NMR 
values (CDC13) - 5 9.69 (s, 1H, CHO), 5.38 (br. s, 1H, H-2), 2.45 (m, 1H, H-4), 2.21 
(m, 2H, H-3), 1.96 (m, 2H, H-6), 1.70 (m, 2H, H-5), 1.64 (s, 3H, CH3).
4.2.6. Methyl acrylate/cyclopentadiene reaction on bis-resorcinol 
anthracene
Methyl acrylate (1.00 g, 11.63 mmoles, 1053 pi) was added to dodecane (100 mg, 
0.59 mmoles, 133 pi). Then, 66 pi of this solution (0.554 mmoles methyl acrylate, 
0.026 mmoles dodecane) was added to cyclopentadiene (227 pi, 2.77 mmoles) and 
bis-resorcinol anthracene (5 mg) added. The reaction was monitored at various time 
intervals using GC analysis by removing 1 drop of reaction mix and diluting in 10 
drops of diethyl ether.
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4.3. Results and Discussion
4.3.1. Preparation of 9J0-bis(3.5-dimethoxy-l-phenvl)anthracene 2
The preparation of 9,10-bis(3,5-dimethoxy-l-phenyl)anthracene 2 was achieved by 
carrying out metallation of 5-chloro-l,3-dimethoxybenzene to obtain the appropriate 
Grignard reagent followed by reaction with 9,10-dibromoanthracene to yield a 
coupled product 2 (Scheme 4.1), before conversion of the methoxy groups to hydroxy 
groups using BBr3 (Scheme 4.2).3 1,2-Dibromoethane was used to initiate the 
Grignard reaction; this is known as the entrainment method.4 Chlorobenzene 
derivatives are well-known to have fairly low reactivity with magnesium metal and 
some degree of initiation process is normally required.
+ M g Ar— MgCl
O M e
NiL2Cl2
r i 1I ft I-----^
u
+ MgBrCl
Scheme 4.1 - Preparation of 2.
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After coupling, the ‘H NMR spectrum of the crude material showed a large amount of 
the desired tetramethoxy derivative bis(3,5-dimethoxy-l-phenyl)anthracene 2 
identified by peaks at 7.78 and 7.35 ppm,2 and very little of the 9,10- 
dibromoanthracene starting material (peaks at 9.58 and 7.63 ppm).
TLC showed that there were three compounds present in the crude mix and these were 
separated by column chromatography to yield the tetramethoxy derivative bis(3,5- 
dimethoxy-1 -phenyl)anthracene 2 in overall 10 % yield.
Fig. 4.2 - 'H N M R  spectrum of the tetramethoxy derivative bis(3,5-dimethoxy-l-phenyl)anthracene 2.
Although TLC of the original crude product showed 3 compounds, NMR analysis of 
the column chromatography fractions indicated that there were at least 4. These were 
identified in order of polarity as 9,10-dibromoanthracene, 5-chloro-l,3- 
dimethoxybenzene, 9-bromo-10-(3,5-dimethoxy-l-phenyl)anthracene and 2 by ’H 
NMR. The mono- and di-coupled tetramethoxy derivatives flowed through the 
column at similar rates making them extremely difficult to separate, even after many 
different combinations of solvent system had been previously tested in past 
experiments. For this reason much of the desired di-coupled product was also 
contaminated with small amounts of the mono- derivative and therefore only a very 
small amount (~0.7 g, 10 %) of pure 2 was actually isolated.
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4.3.2. Demethylation of tetramethoxv derivative bisf3.5-dimethoxy-1 - 
phenvDanthracene 2 to yield bis-resorcinol anthracene 1
The tetramethoxy derivative bis(3,5-dimethoxy-1 -phenyl anthracene 2 was converted 
to anthracenebisresorcino 11 using BB13.3 (Scheme 4.2).
ArOMe + BBr 3
Me.
Ar— O
^BBr2
Br
Ai'— O/
BBr.
+ MeBr
ArOBBr 2 + 3H20 ArOH + H 3BO3 + 2HBr
Scheme 4.2 - Reaction scheme for demethylation of tetramethoxy derivative 2.
BB1-3
H20
The NMR of the crude material showed only a small trace of MeO present, most of 
the methoxy groups having been converted to hydroxy groups. TLC showed two 
compounds present, which were separated by column chromatography to give bis- 
resorcinol anthracene 1 in 60 % yield from 2.
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The *H NMR spectrum is shown in Fig. 4.3 and the peaks at 5 6.41 (t, J = 1.42, 2H, 
H4’), 6.25 (d, J = 2.05, 4H, H2’ & H6’), 7.41 (m, 4H, H2), 7.70 (m, 4H, HI), 9.58 (s, 
4H, OH) agreed well with literature values as did the mp at 365 °C (lit. > 360 °C).2
Fig. 4.3 - *H N M R  spectrum of isolated bis-resorcinol anthracene 1 in d-DMSO.
The *H NMR spectrum shows that the desired product was successfully isolated, 
although it had originally showed trace amounts of ethyl acetate, possibly contained 
within the cavities. This was removed by drying under vacuum at 80 °C for 10 h.
Preparation of the Grignard reagent was difficult and initiation of the metallation 
process was necessary. A variety of different methods had previously been performed. 
For example the use of butyllithium to remove the chloro group of the chlorobenzene 
compound to give the corresponding lithiated material so that this compound could 
then couple to 9,10-dibromoanthracene to yield the crude product. However it was 
later discovered that it has previously been observed that organolithium reagents 
cannot be used in place of the corresponding Grignard reagents in the coupling 
reaction,5 which is why the reaction had not worked using this method. It was decided 
that anthraquinone may be a more reactive alternative although this also proved to be 
an ineffective means of preparation. Benzene solvent was also tried in place of 
toluene but this had no significant effect.
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4.3.3. Catalysis bv bis-resorcinol anthracene of acrolein/1,3- 
cvclohexadiene reaction -  Suspension method
A 1:5:0.03 molar ratio mixture of acrolein, 1,3-cyclohexadiene and dodecane was 
used as the standard reaction system. To a 217 pi sample of this was added 5 mg of 
bisresorcinol anthracene 1. The reaction was analysed by GC and lH NMR and the % 
yield of adduct (calculated at different times) are given in Table 4.1 and plotted in 
Fig. 4.4. Also included are control readings for a solution with no added bis-resorcinol 
anthracene.
Scheme 4.3 - Reaction of acrolein with 1,3-cyclohexadiene in the presence of bisresorcinol anthracene.
Table 4! - %  Conversion of acrolein to adduct with and without bis-resorcinol anthracene 1 at 25 °C. 
At t = 0, acrolein = 0.39 mmoles, 1,3-cyclohexadiene — 1.97 mmoles, 1=0, 0.013 mmoles. Reaction 
volume (217 pi).
Time / h % conversion(a)
bis-resorcinol anthracene / mg
0 mg 5 mg
6 - 13
24 3.63 46
48 6.99 -
52 - 61
72 9.5 -
(a) Amount of adduct obtained relative to theoretical amount expected based on acrolein.
CHO
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Fig. 4.4 - %  Reaction completion of 1:5 mole/mole acrolein/1,3-cyclohexadiene reaction (217 pi) on 
bis-resorcinol anthracene (5 mg) at 25 °C. At t = 0 acrolein = 0.39 mmoles, 1,3-cyclohexadiene = 1.97 
mmoles, 1 = 0, 0.013 mmoles.
(a) t = 6 h (b) t = 52 h
Fig. 4.5 - ‘H N M R  analysis of 1:5 mole/mole acrolein/1,3-cyclohexadiene (217 pi) reaction on 
anthracenebisresorcinol (5 mg) at (a) 6 h; (b) 52 h.
The enhancement for the aero lein/1,3-cyclohexadiene reaction shown here is 
comparable to that seen by Endo et. a l.l This experiment shows that the methodology 
used here allows direct comparison of their results with those in the rest of this 
chapter.
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A kinetic analysis similar to that for Mg/acrolein/isoprene (Chapter 3) or 
SiCVacrolein/ 1,3-cyclohexadiene (Chapter 3) gives:
K  k
acr +1 ^  — acr-1 ** adduct
diene
(a) d fadductl = kK [acrolein] [diene] [1] (weak complex)
dt ?
A weak complex implies a relatively
small proportion of catalyst in
complexed form < 10 % so if,
K -  racrolein-11pq
[acrolein]eq [l]eq
e.g. [acrolein-l]eq/[l]eq -  0.1
So K  < 0.1 = 0 1  = 0.05
[acrolein] o 1.8
or,
(b) = k [diene] x [1] (strong complex)
[diene] -  [diene]o (1:5 molar ratio) so,
d Tadduct] = (kK [1] [diene]o) [acrolein] = k0bs [acrolein] (weak complex) 
dt
or, = (k [dienejo [1]) = kDbS (strong complex)
Data of Fig. 4.4 and reference 1, are clearly closer to 1st order, so we can assume a 
weak complex.
kobs = kK [1] [diene] o
k2 = k K [  1]
186
Chapter 4
Although the data in Table 4.1, Fig. 4.4 is limited, 1st order analysis gives:
Table 4.2 - First order analysis of 1:5 mole/mole acrolein/1,3-cyclohexadiene reaction (217 pi) on bis­
resorcinol anthracene (5 mg) at 25 °C. At t = 0 acrolein = 0.39 mmoles, 1,3-cyclohexadiene = 3.35 
mmoles, 1 = 0, 0.013 mmoles.
Time / h ln (100 - % yield)
0 mg 5 mg
0 4.61 4.61
6 - 4.47
24 4.67 3.99
48 4.53 -
52 - 3.66
72 4.51 -
♦  0 mg
■ 5 mg
------Linear (5 mg)
— Linear (0 mg)
Time I h
Fig. 4.5 - First order analysis of 1:5 mole/mole acrolein/1,3-cyclohexadiene reaction (217 pi) on bis­
resorcinol anthracene (5 mg) at 25 °C. At t = 0 acrolein = 0.39 mmoles, 1,3-cyclohexadiene = 3.35 
mmoles, 1 = 0, 0.013 mmoles.
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Table 4.3 - First order analysis of data in Fig. 4.5.
Solid / 
mg
lobs / S k2 / s’1 dm3 mol’1 la) k2 (cat) / s '1 
dm3 mol"1,1>J
k K / s l dm6mor2(c)
0 3.9 x Iff' 4.3 x Iff8 - -
5 5.1 x Iff6 5.6 x Iff7 5.1 x 10‘7 8.5 x Iff6
(a) Calculated from Iobs/[diene]0, where [diene]0 = 9.08 M.
(b) Calculated from /c2(overall) - /c2(uncat), where I2(uncat) in Chapter 2 was found to be 5.2 x 10'8 s"1 
dm3 mol'1.
(c) Calculated from /c2(cat)/[l], where [1] = 0.060 M.
Rate — Rate (cat) + Rate (uncat) = k0bs (cat)[acrolein] + k0bs (uncat)[acrolein]
= (lobs (cat) + lobs (uncat)) [acrolein],
so, /fobs (overall) = (/c/C[l][diene]o) + k2 (uncat)[diene]o)
I
= (k2 (cat) + k2 (nncat))[diene]0,
so, k2 (overall) = kK[ 1] + k2 (uncat);
so, k2 (cat) = kK[ 1] = k2 (overall) -  k2 (uncat).
4.3.4. Effect of bis-resorcinol anthracene 1 on rate and 
diastereoselectivity of the acrolein/cyclopentadiene reaction
Bis-resorcinol anthracene (1, 2, and 5 mg) was added to the 1:5 mole/mole 
acrolein/cyclopentadiene reaction mix (324 pi) and stirred at 25 °C. G C  analysis of 
the reaction solution was carried out at t = 5 mins, 1 h, 24 h and 48 h In addition, a 
reaction involving 5 mg in 162 pi of reaction mix, equivalent to 10 mg in the 324 pi 
above was earned out. The reaction using 5 mg in 324 pi was analysed more 
frequently to monitor the rate of reaction (Table 4.4, Fig. 4.6). 1
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+
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25 °C
+ CHO
endo exo
Scheme 4.4 - Reaction of acrolein and cyclopentadiene in the presence of bis-resorcinol anthracene.
Table 4.4 - %  Completion of the 1:5 mole/mole acrolein/cyclopentadiene reaction (324 pi) in the 
presence of bisresorcinol anthracene (5 mg) at 25 °C. At t = 0, acrolein = 0.67 mmoles, dodecane = 
0.02 mmoles, cyclopentadiene = 3.35 mmoles, 1=0, 0.013 mmoles.
Time / mins Percentage reaction completion(a)
0 mg w 5mg of 1
2 10 52±1
4 - 68±3
5 28 -
6 - 78+4
8 39 80+2
10 50- 87±1
12.5 60 -
15 75 -
20 92 -
25 103 -
30 105 -
55 - 103±3
105 - 105±1
1440 - 105±1
(a) Analysis of neat supernatant liquid by GC for adduct relative to dodecane. Each result for the 5 mg 
bis-resorcinol anthracene mn is a mean of 2 independent runs, hence the errors. The amount of adduct 
obtained relative to the theoretical amount expected based on acrolein.
(b) From Chapter 2.
CHO
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♦ Control 
■ 5 mg
—  Linear (Control)
—  Linear (5 mg)
Time / m
Fig. 4.6 - First order analysis of 1:5 mole/mole acrolein/cyclopentadiene reaction (324 pi) in the 
presence of bisresorcinol anthracene (5 mg) at 25 °C. At t = 0, acrolein = 0.67 mmoles, dodecane 
0.02 mmoles, cyclopentadiene = 3.35 mmoles, 1=0, 0.013 mmoles.
Table 4.5 - First order analysis of data in Fig. 4.6.
Solid / mg o^bs/ S k2/  s'1 dm3 mol'1 k2 (cat) / s'1 
dm3 mol'1 (a)
kK/ s'1 dm6 mof (b)
0 2.18 x 10'3 2.18 x 1C4 - -
5 3.15 x !0 '3 3.05 xlO4 8.7 x 10'5 2.18 xlO'3
(a) Calculated from ^ (overall) - L(uncat).
(b) Calculated from k2(cat)/[!], where [1] = 0.04 M.
'H NMR analysis at 1 h and 24 h showed the ratio of exo and endo diastereomers. The 
reactions were monitored by *H NMR at time intervals. A typical spectrum in the 
presence of 1 mg after 24 h (100 % completion) is shown in Fig. 4.7. Results of 
exo/endo selectivity in Table. 4.6.
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diene
(a) t = 1 h (b) t = 24 h
Fig. 4.7 - ‘H N M R  analysis of 1:5 acrolein/cyclopentadiene reaction with 1 mg of 1 at 25 °C at (a) 1 h,
(b) 24 h.
Table 4.6 - Diastereoselectivity of 1:5 mole/mole acrolein/cyclopentadiene reaction (324 pi) on 1 (1, 2, 
5, 10 mg) at 25 °C. At t = 0, acrolein = 0.67 mmoles, dodecane = 0.02 mmoles, cyclopentadiene = 3.35 
mmoles, 1 = 0.0025, 0.051, 0.013, 0.025 mmoles.
Amount of solid / 
mg
Time Ratio of exo. endo from 
N M R  (a)
Ratio of exo:endo from 
G C  (b)
0 5m 0.285:1 0.28:1
0 lh 0.27:1 0.29:1
0 2h - 0.24:1
0 2.5h - 0.29:1
1 lh 0.24:1 -
1 24h 0.31:1 0.29:1
2 lh 0.28:1 -
2 24h 0.31:1 0.31:1
5 lh 0.38:1 -
5 24h 0.31:1 0.33:1
10 5m 0.35:1 -
10 lh 0.33:1 -
10 24h 0.34:1 -
10 48h 0.33:1 -
(a) by comparison of integrated peak area for 5 9.79 (CHO exo) vs. 8 9.41 (CHO endo).
(b) by comparison of lower r, peak area (exo) vs. higher (endo).
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■  exo
■  endo
Fig. 4.8 - Ratio of exo/endo from 1:5 mole/mole acrolein/cyclopentadiene reaction (324 pi) on 
anthracenebisresorcinol (0, 1, 2, 5, 10 mg) at 25 °C. At t = 0, acrolein = 0.67 mmoles, dodecane = 0.02 
mmoles, cyclopentadiene = 3.35 mmoles, 1 = 0.0025, 0.051, 0.013, 0.025 mmoles.
A slight increase in exo diastereoselectivity is observed as the amount of solid added 
is increased to 10 mg / 324 pi, causing the exo/endo ratio to change from -0.28:1 with 
control to -0.34:1 upon the addition of 10 mg of solid bis-resorcinol anthracene. 
Since the exo is the thermodynamically more stable this might be due to catalysis of a 
reversible endo exo, but the fact that the ratio remains constant, but higher than 
control from early (5 m) suggests that the bisresorcinol anthracene is influencing the 
actual cycloaddition slightly.
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4.3.5. Catalysis by bis-resorcinol anthracene o f acrolein/isoprene 
reaction -  Suspension method
The effect of bis-resorcinol anthracene 1 on the rate enhancement of aero lein/1,3- 
cyclohexadiene has been explored in section 4.3.3 and reference 1. Catalysis by 
concentration of reagents in cavities formed within the solid bis-resorcinol anthracene 
structure has been proposed.1 In order to explore this further the reaction involving 
further dienes was investigated. In this section a diene with a reactivity similar to 1,3- 
cyclohexadiene, but a different structure (acyclic vs. cyclic) is studied, namely 
isoprene.
Bis-resorcinol anthracene (5 mg) 1 was suspended in 1:5 mole/mole acrolein/isoprene 
reaction mix (369 pi), at 25 °C and the supernatant liquid analysed by GC at t = 0, 5 
h, 24 h, 48 h, 74 h and 1 week (Table 4.7, Fig. 4.10). *H NMR analysis was also 
carried out (Fig. 4.9) at t = 5 h and 48 h as well as a control reaction was carried out.
(a) t = 5 h (b) t = 48 h
Fig. 4.9 - 'H N M R  analysis of 1:5 mole/mole acrolein/isoprene reaction (369 pi) on 5 mg of 
bisresorcinol anthracene at (a) t = 5 h; (b) t = 48 h.
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Table 4.7 - %  Reaction of 1:5 mole/mole acrolein/isoprene reaction (369 pi) on bis-resorcinol 
anthracene (5, 10 mg) at 25 °C. At t = 0, acrolein = 0.67 mmoles, dodecane = 0.02 mmoles, isoprene = 
3.35 mmoles, 1= 0.0127, 0.025 mmoles, 0.034, 0.068 mol dm'3.
Time / h % reaction completion for varied amounts of solid used (a)
Bis-resorcinol anthracene / mg
0 5 10
0 0 0 0
5 - 2 5
24 8 - 20
25 - 13 -
49 14 23 -
52 - - 38
(a) Analysis of neat supernatant liquid by GC for adduct relative to dodecane. Each result for the bis­
resorcinol anthracene runs is a mean of 2 independent runs. The amount of adduct obtained relative to 
the theoretical amount expected based on acrolein.
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■  5 mg 
10 mg
Fig. 4.10 - %  Reaction completion of 1:5 mole/mole acrolein/isoprene reaction (369 pi) on bis­
resorcinol anthracene (5, 10 mg) at 25 °C. At t = 0, acrolein = 0.67 mmoles, dodecane = 0.02 mmoles, 
isoprene = 3.35 mmoles, 1 = 0.0127, 0.025 mmoles, 0.034, 0.068 mol dm '.
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It has been argued in section 4.3.3 that the acrolein-1 complex is a weak one, so a first 
order (in acrolein) kinetic analysis as in that section (kobs = k2 [diene]o; k2 = k2 (cat) + 
k2 (uncat); k2 (cat) = kK [1]; k = rate constant for reaction of acrolein-1 with isoprene, 
K = equilibrium constant for formation of acrolein-1 complex) gives as follows;
0 20 40 60
T im e / h
♦ Omg 
■ 5 mg 
10mg 
— Linear (Omg)
 Linear (5 mg)
Linear (10 mg)
Fig. 4.11 - First order analysis of 1:5 mole/mole acrolein/isoprene reaction (369 pi) on bis-resorcinol 
anthracene (5, 10 mg) at 25 °C. At t = 0, acrolein = 0.67 mmoles, dodecane = 0.02 mmoles, isoprene = 
3.35 mmoles.
Table 4.8 - Summary of data from Fig. 4.11.
[1]/ 
mol dm'3
Solid / mg kobs/ S k2l s'1 dm3 
mol'1
kK I s'1 dm6 
mol'2
k2 (uncat) / s'1 
dm3 mol'1
0 0 8.56 x 10'7 9.43 x 10'8
2.74 x 1 O'6 8.67 x 1 O'80.034 5 15.0 x 10'7 16.5x10'8
0.068 10 25.4 x 10'v 28x1 O'8
Where, k2 = k2 (cat) + k2 (uncat) = kK[l] + k2 (uncat).
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So if k2 (overall) is plotted vs. [1] then kK is the slope and k2 (uncat) is the intercept.
[1] I mol dm"3
Fig. 4.12 - Plot of L(overall) vs. [1] for 1:5 mole/mole acrolein/isoprene reaction (369 pi) on bis­
resorcinol anthracene (5, 10 mg) at 25 °C. At t = 0, acrolein = 0.67 mmoles, dodecane = 0.02 mmoles, 
isoprene = 3.35 mmoles.
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4.3.5.1 Discussion
The results from sections 4.3.3, 4.3.4 and 4.3.5 are summarised in Table 4.9.
Table 4.9 - Summary of enhancement of k2 with 5 mg of solid on the D-A reaction.
Reaction Ic2 (uncat) 
/ s’1 dm3 
mol'1
kK/s'1 
dm6 
mol'2®
lcK/ 
/f2(uncat) /
'X 1dm moF
k (cat) 
(est) / s'1 
dm3 mol'1 (c)
k (cat) / 
/f2 (uncat) 
(est)
ratio
(d)
Acrolein/1,3- 
cyclohexadiene
5.2 xlO '8® 8.5 x 10’6 163 > 1.7 x lO4 >3269 16
Acrolein/
isoprene
8.6 x 104 2.7 x lO'0 31 > 5.4 x 10"5 >630 3.2
Acrolein/
cyclopentadiene
2.18 xlO '4
(a)
22 x 104 10 > 0.044 >200 1
(a) From Chapter 2.
(b) Calculated from (k2 (overall) - k2 (uncat)) / [1].
(c) Calculated from K  -  x K \ where x < 1, K' < 0.05 so K  < 0.05, so k(cat) = kK/0.05 (the value is
likely to be much higher than this since x is likely to be «  1).
(d) kK for each diene vs. cyclopentadiene
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k K/ k 2 
(uncat) / 
dm3 mol'1
180
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140 / /
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cyclopentadiene
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r i  D I 1
isoprene
Diene
1,3-cyclohexadiene
Fig. 4.13 - Comparison of catalysed vs. uncatalysed processes for bis-resorcinol anthracene 
enhancement of the DA reaction between acrolein and various dienes.
In the context of the concentrations used in this work, a “weak complex” means K ’ < 
0.05 since x is < 1 then K < 0.05. So a m inim um  value for I ip is 2.7 x 10-6 / 0.05 = 
5.4 x 10 s dm mol . Similarly, values for Icyciohexadiene and Icyciopentadiene ttre in Table 
4.9 as I(cat)(est).
kip (i.e. kK/K for acrolein/isoprene) is the 2nd order rate constant for:
+
Compared with k2 (uncat) for:
So, kip is > 5.4 x 10'5 s"1 dm3 mol'1, and kip / k2ip (uncat) is > 630.
Similarly, values for 1,3-cyclohexadiene and cyclopentadiene are in Table 4.9.
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4.3.6. Methyl acrvlate/cyclopentadiene reaction on bis-resorcinol 
anthracene
The difference in /c(cat)//c2(imcat) between 1,3-cyclohexadiene (163) and 
cyclopentadiene (10) is particularly striking. Therefore, a slower cyclopentadiene 
reaction, i.e., with methyl acrylate was carried out.
H
2M e
Scheme 4.5 - Reaction of methyl acrylate with cyclopentadiene.
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Table 4.10 - %  Reaction completion of 1:5 mole/mole methyl acrylate/cyclopentadiene reaction (293 
pi) on bisresorcinol anthracene (5 mg) at 25 °C. At t = 0, methyl acrylate = 0.554 mmoles, dodecane = 
0.026 mmoles, cyclopentadiene = 2.77 mmoles, 1 = 0.013 mmoles.
Time / mins %  reaction completion
Omg (ran 1) Omg (ran 2) 5mg (ran 1) 5mg (ran 2)
0 2 - - -
2 - - 1 1
4 - - 3 -
6 - - 5 -
8 - - 6 -
10 - 8 8 -
16 - - - 13
20 16 - - -
30 - - 15 -
33 - - - 23
35 - 25 - -
37 26 - - -
48 - - - 29
55 - 36 - -
56 36 - - -
62 - - 24 -
64 - - - 36
73 45 45 - -
80 - - - 41
90 50 52 - -
95 - - 32 46
110 58 - - 49
125 - 66 - -
130 - - - 53
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Fig. 4 ! 4 - %  Reaction completion of 1:5 mole/mole methyl acrylate/cyclopentadiene reaction (293 
pi) on bis-resorcinol anthracene (5 mg) at 25 °C. At t = 0, methyl acrylate = 0.554 mmoles, dodecane = 
0.026 mmoles, cyclopentadiene = 2.77 mmoles.
It can be seen from the graph that the addition of the solid has had little or no effect 
on the rate of the methyl acrylate/cyclopentadiene reaction. Using the control 
reaction, a k2 value of 1.04 x 10'5 is calculated. It seems clear that the aldehyde C=0 
is required.
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time I m
Fig. 4.15 - First order analysis of 1:5 mole/mole methyl acrylate/cyclopentadiene reaction (293 pi) on 
bis-resorcinolanthracene (5 mg) at 25 °C. At t = 0, methyl acrylate = 0.554 mmoles, dodecane = 0.026 
mmoles, cyclopentadiene = 2.77 mmoles, 1 = 0.013 mmoles.
Table 4.11 - First order analysis of data from Fig. 4.15.
Solid / mg kobs / S k2 / s'1 dm3 mol'1 (a)
0 1.37 x 104 1.45 x 10'5
5 9.87 x 10'3 1.04 x 1 O'5
(a) k2 = *obs[diene]o where [diene]0 = 9.45 M.
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4.4 Conclusions
Bis-resorcinol anthracene 1 has been successfully prepared and isolated in adequate 
yield. The tetramethoxy derivative bis(3,5-dimethoxy-l-phenyl)anthracene 2 and the 
mono-coupled derivative 9-(3,5-dimethoxy-1 -phenyl) 10-bromoanthracene have also 
been isolated.
Values of kK for reaction in the presence of bis-resorcinol anthracene 1 have been 
calculated for acrolein/1,3-cyclohexadiene, acrolein/cyclopentadiene and acrolein 
isoprene reactions and the ratios of /c(cat)//c2(uncat) estimated.
Differential enhancement of rate by bis-resorcinol anthracene 1 for different dienes is 
interpreted as due to the influence of cavities on the rate, in addition to hydrogen 
bonding by H-0 of bis-resorcinol anthracene.
Hydrogen bonding to the dienophile is essential (found when comparing reaction of 
bis-resorcinol anthracene on methyl acrylate/cyclopentadiene with 
acrolein/cyclopentadiene reaction). The diene structure also has a critical effect on 
reactivity. There is likely to be a cavity effect occurring; it may be the case that the 
1,3-cyclohexadiene fits in the cavities and stays there, whereas cyclopentadiene can 
travel in and out of the cavities being slightly smaller. Isoprene may only partly enter 
the cavities (Fig. 4.16). Another possibility is that cyclopentadiene and isoprene are 
small enough to enter the cavities easily, blocking the sites for acrolein to attach to the 
solid (Fig. 4.17).
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Fig. 4.16 - 1.3-Cyclohexadiene stays in cavities whereas isoprene and cyclopentadiene travel in and 
out.
m y
Fig. 4.17 - Isoprene and cyclopentadiene fit easily within cavities, blocking sites for acrolein to attach.
Although uncatalysed k2 for the acrolein/1,3-cyclohexadiene and acrolein/isoprene 
control reactions are similar (5.2 x 10'8 and 8.6 x 10'8 s’1 dm3 mof1 respectively), 
addition of bis-resorcinol anthracene increases k2 for the aero lein/1,3-cyclohexadiene 
reaction ~10-fold compared with ~2-fold increase for the acrolein/isoprene reaction. 
This would suggest that reactivity is dependant not only on the acrolein but on the 
diene.
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Since it is difficult to see how a H-bonding effect could influence the diene, this 
suggests that the diene has to ‘fit’ within the pores of the solid for interaction with the 
acrolein.
However, there is also the possibility of a reaction between two adsorbed reagents. 
Different dienes may adsorb to varying extents, but this could make the diene less 
available for reaction with the dienophile, hence a lower rate enhancement. Also, if 
the diene was bound to a hydrogen bonding group or a Lewis acid it would result in 
the diene being electron deficient. This would lower the HOMO energy and increase 
the energy gap between the HOMO of the diene and the LUMO of the dienophile 
making the reaction less favourable. However, if binding of the diene acted as 
proposed for carbon (see chapter 3, p 171-172), or if it held the diene in the correct 
geometry to approach the dienophile, it could enhance the reactivity and selectivity of 
the reaction.
A small effect on the diastereoselectivity of the acrolein/cyclopentadiene reaction was 
noted, with a solid-dependant increase in the exo/endo ratio from 0.28:1 (control) to
0.34:1, also suggesting a shape selection effect.
Clearly the effect of 1 is beyond a simple enhancement due to H-bonding. Indeed, it 
may be questionable whether this is a significant factor at all, given the lack of 
catalysis shown by other weakly acidic species in chapter 2.
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C h a p te r 5
Absolute asymmetric D iels-A lder reactions 
using imides showing solid state ch ira lity
5.1 Introduction
5.1.1 Rationale
There is evidence in chapters 2, 3, 4 of effect on reactivity and diastereoselectivity of 
the Diels-Alder reaction due to added solid. This is due to hydrogen-bonding and 
Lewis-acid groups on the solid and to topological features. However, there is no clear 
evidence for enantioselectivity.
It was therefore decided to move from case (a) in Fig. 5.1 to (b).
O — X*
(a) chiral SOLID, ideally due 
to restricted rotation in 
solid.
to
(b) chiral GROUP, ideally due
to restricted rotation in 
solid.
%
Fig. 5.1 - Alternative ways to induce enantioselectivity in the Diels-Alder reaction.
207
Chapter 5
Enantioselectivity in such a system would constitute an absolute asymmetric 
synthesis, if the dienophile is prepared from achiral precursors.
5.1.2 Absolute asymmetric synthesis using imides
Chiral compounds always crystallise in chiral space groups, such as P2i2i2i, C222i, 
I2\2\2\f but also a number of achiral compounds are known to form chiral crystals 
and sometimes adopt a chiral orientation in the crystal lattice, even in the absence of 
any outside influences.1,2’3
An asymmetric synthesis utilising ‘frozen’ chirality generated by spontaneous 
crystallisation has been performed by Sakamoto.4 It involved formation of an achiral 
asymmetrically substituted imide 1 with a tetrahydronaphthyl group on the nitrogen 
atom, which crystallised in a chiral form with space group P2\2\2\. The molecular 
chirality generated by spontaneous crystallisation was retained even after dissolution 
in cold THF with half-lives of 7.8, 33 ! and 150 m at -20, -30 and -40 °C, 
respectively, but enantiomerization occurred at room temperature (Scheme 5.1).
Scheme 5! - Bond rotation occurring in 1.
The ‘frozen’ chirality was made permanent as optically active alcohol by nucleophilic 
addition of /z-butyllithium (Scheme 5.2).
a Where the first letter is the Bravais symbol describing translational symmetry of the unit cell. The 
symmetry operator symbols generating the equipoints in the unit cell follow.
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rc-BuLi/TMEDA HO Bu HO H
1
various temp, 
in solvent 0
NH(TENAP) +
O
NH(TENAP)
2 3
Scheme 5.2 -The transfer of the chirality of 1 to the products obtained from its reaction with BuLi.
When a solution of «-butyllithium was added immediately after dissolving 1 and 
TMEDA in THF, nucleophilic addition to the benzoyl carbonyl group occurred 
effectively, the adduct 2 and the hydrogenated product 3 were obtained in 88 % yield, 
and the ratio of 2:3 was 90:10 (Scheme 5.2).
Molecules of 1 immediately lost chirality on dissolving the chiral crystals in a solvent, 
and racemic products of 2 and 3 were obtained. When powdered crystals were added 
to the THF solution containing ra-butyllithium and TMEDA at 20 °C, optically active 
products 2 (41 % ee) and 3 (5 % ee) were isolated though the imide racemised rapidly 
at this temperature. Optically active products were also obtained from the reaction at 
10 to -10 °C, however, the ee value was lower than that of the reaction at 20 °C. 
Furthermore, according to the decreased temperature, the enantioselectivity increased, 
and the maximum ee values, 83 % ee for 2 and 81 % ee for 3, were obtained when the 
reaction temperature was -80 °C. The ee value of the products is influenced by the 
rate of both enantiomerisation of the imide 1 and the reaction with a nucleophile. In 
the range of 10 to -10 °C, the rate of racemisation is superior to the addition of a 
nucleophile.
The presumed asymmetric induction is outlined as follows; imide 1 is achiral because 
the enantiomerisation occurs at room temperature, but afforded chiral crystals by 
spontaneous crystallisation. The crystals in each batch have an even chance of 
absolute configuration of (R)- or (5)-l a conglomerate. When selected enantiomorphic 
crystals of (i?)-l were dissolved in a low temperature solvent, the rotation axis of N- 
(TENAP) was restricted, and the frozen molecular chirality was retained with the 
same configuration in the crystal lattice. Nucleophiles can react from the uncrowded
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face by keeping away the cyclohexenecarbonyl group to give optically active 
products.
Sakamoto also studied the use of acyclic imides, A-(a, p -uns aturated 
carbonyl)benzoylfomiamides in photochemical 2 + 2 cycloadditions because they 
possess a nearly planar imide chromophore with photochemically reactive alkenyl and 
benzoyl groups at both ends of the imide carbonyls.5 No Diels-Alder reactions were 
studied in Sakamoto’s work.
Given the potential of such compounds to act as dienophiles (alkene part), and to 
show ‘frozen’ chirality in the solid state, 1 and some analogues were targeted as 
dienophiles in this study.
The preparative method employed by Sakamoto,4 the benzoylformylation of an 
amide, was used for the syntheses of the imides in this chapter. However, in all cases 
the major imide products isolated were the benzoyl, rather than the benzoylformyl 
imides (see later), and so these were selected as dienophiles.
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5.1.3 Aims and Objectives
The aim of the research described in this chapter was to effect enantioselective 
cycloaddition of a simple diene to a dienophile whose chirality is due solely to its 
solid state conformation and where this chirality is reflected in the crystallisation.
The specific objectives are listed below.
• To design a series of imides incorporating a reactive dienophilic alkene part and a 
A-substituent with the potential to induce conformational chirality.
• To prepare a selection of amides as precursors to the correspondifig imides.
• To synthesise and characterise the acyclic imides.
• To obtain and analyse, through x-ray crystallography, crystalline samples of the 
imides.
• To carry out the Diels-Alder reaction between the imides and cyclopentadiene to 
determine reactivity and enantioselectivity.
The imides chosen were A-(cyclohex-l-enecarbonyl)-A-(5,6,7,8-tetrahydronaphthalen 
-1 -yl)benzamide 10, A-(2-methylacryloyl)-A-(5,6,7,8-tetrahydronaphthalen-1 -yl)
benzamide 11, A-acryloyl-A-(2,6-dichlorophenyl)benzamide 12, A-acryloyl-A- 
(5,6,7,8-tetrahydronaphthalen-1 -yl)benzamide 13, A-(2,6-dichlorophenyl)-A-(2- 
methacryloyl)benzamide 14. All were prepared via benzoylformylation of the 
precursor amides in NaH and DMF.
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O
R N'
R'
P h - ^ ^ O
Fig, 5.2
Compound name R R’
N-(C yclohex-1 -ene 
carbonyl)-iV-(5,6,7,8- 
tetrahydronaphthalen-1 -yl) 
benzamide 10
<  H I ^  ^
7/- (2 -Methyl acr ylo y 1) -N- 
(5,6,7,8-tetrahydronaphth 
alen-1 -yl)benzamide 11
f t
N- Acryloyl-iV-(2,6- 
dichlorophenyl)benzamide
12
W ' A
Cl
- h
Cl
A-Acryloyl-/V-(5,6,7,8-
i
tetrahydronaphthalen-1 -yl) 
benzamide 13
W ' A
AL(2,6-Dichlorophenyl)-A- 
(2-methacryloyl) 
benzamide 14
Cl
)  ^  Cl
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The R groups (See Fig. 5.2), (cyclohexyl, 2-propenyl, ethenyl) were chosen on the 
basis that they have a double bond conjugated with the adjacent carbonyl group, 
which will cause it to be activated towards D-A, (by lowering its LUMO energy, 
making it a more reactive dienophile in Diels-Alder reactions).
The bulky R’ group TENAP was chosen so as to induce steric hindrance leading to 
twisting of the final imide structure giving a chiral conformation and possible chiral 
crystals as seen for the related benzoylformyl compounds.4
In the case of R’ = 2,6-dichloroaniline, the two ortho chloro substituents will pull 
electron density from the nitrogen, enhancing dienophile reactivity and cause twisting 
of the imide structure.
There is a balance in choice of R groups between large size, which will restrict 
flexibility versus substitution, which will reduce dienophile reactivity.
Note that the ‘amide’ is less electron withdrawing than C=0, but it is hoped that this 
will be overcome by addition of a benzoyl group to the nitrogen atom which will 
reduce the electron-donation into the =C-CO system. Furthermore, it is hoped that the 
twisting due to bulky TV-substituents might reduce N lone pair delocalisation into the 
=C-C=0, while leaving the TV-inductive electron-withdrawing effect
electron
withdrawing
electron donating
O O
electron
donating
'' electron >  
withdrawing
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Asymmetric synthesis through reactions in chiral crystals involves two aspects, 
generating chiral crystals, rationalised above, and performing topochemically 
controlled, solid-state reactions, which yield chiral products. Ideally, the solid-state 
reaction should transfer the crystal chirality to the product permanently in the form of 
new chemical bonds.
Based on this idea, the use of the acyclic achiral imides in the Diels-Alder reaction 
with cyclopentadiene could lead to enantioselectivity by the frozen molecular chirality 
of the imide being transferred via the transition state structure to the product.
Scheme 5.4 - Reaction of AL(cyclohex-l-enecarbonyl)-AL(5,6,7,8-tetrahydronaphthalen-l-yl) 
benzamide 10 with cyclopentadiene.
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5.2 Experimental
5.2.1 General details and instrumentation
Melting point (mp) determination was earned out using Kofler hot-stage apparatus 
and is uncorrected. Ms. Nicola Walker, University of Surrey carried out elemental 
analysis on a Leeman Labs. Inc. CE440 elemental analyser. IR absorption spectra 
were recorded on a Perkin-Elmer System 2000 FTIR spectrometer as Nujol mull or 
KBr discs for solid samples; absoiptions (vniax) are quoted in cm'1. !H and 13C NMR 
spectra were obtained on a Bruker AC300 spectrometer at 300 MHz and 75 MHz 
respectively. Spectra are referenced internally to TMS. Chemical shift values are 
quoted in ppm while observed coupling constants (J) are reported in Hz. Assignments 
in the lH NMR spectra are abbreviated as follows - s = singlet, d = doublet, t = triplet, 
m = multiplet and b = broad. Mass spectra (m/z) were recorded on a ThermoFinnigan 
spectrometer, MAT 95 XP.
Solvents were dried according to literature methods,6 except DMF which was 
purchased dry from Aldrich. Chemicals were either provided or supplied by Acros 
Organics, Aldrich or Fisher Scientific. All starting materials obtained from an external 
source were checked by TLC and !H NMR where applicable, prior to use. Thin layer 
chromatography was earned out on MERCK Silicagel 60 F254 plates. Column 
chromatography was carried out on BDH Medical Supplies Silicagel 60, 33-70 pan.
Rf values are obtained from TLC in dichloromethane.
NaH (60 % dispersion in mineral oil), obtained from Aldrich, was used without 
removal of the mineral oil.
Where no literature melting point is given for a known compound, it is unavailable in 
the literature.
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5.2.2 N-(5.6 J,8-tefrabycfronaphthvl)
-1 -cyclohexenecarboamide 4 4 J  N  4
1-Cyclohexene-l-carboxylic acid (5.00 g, 0.0396 moles) was wanned gently to a
liquid in a 2-necked round bottomed flask fitted with a reflux condenser and a septum,
then thionyl chloride (9.43 g, 5.76 ml, 0.079 moles) was added dropwise over an hour
at 25 °C via syringe. The solution was refluxed for 2 h and then allowed to cool to
room temperature and left to stir overnight. The acid chloride was distilled from the
reaction at 86 °C, 12 mm/Hg, to give a clear oil (2.0274 g). A mixture of 5,6,7,8-
tetrahydro-l-naphthylamine (1.90 g, 0.013 moles) in dry acetone (15 ml) and sodium 
* \ 
carbonate (3 g) were stirred at room temperature and the acid chloride (1.90 g, 0.013
moles) was added dropwise via syringe. The reaction was left to stir at room
temperature for 4 days, then gravity filtered and concentrated in vacuo to yield a
crude solid. Recrystallisation from ethanol yielded 4 as a white powdery solid (1.42 g,
43 %). Column chromatography using dichloromethane as eluent was used to purify
the amide 4 (Rf ~ 0.4). (0.98 g, 30 %). !H NMR (CDC13) 6 7.64 (d, J = 7.65 Hz, 1H,
H2’), 7.38 (s, 1H, NH), 7.04 (m, 1H, H2), 6.66 (t, J = 3.76 Hz, 1H, H3’), 6.79 (m, 1H,
H4’), 2.71 (m, 2H, H5’), 2.52 (m, 2H, H8’), 2.29 (m, 2H, H3), 2.10 (m, 2H, H6), 1.71
(1 1 1 , 8H, H4, H5, H6 \  H7’). Anal, calcd for C17H21NO (255.359): C, 79.96; H, 8.29;
N, 5.48. Found: C, 79.82; H, 8.16; N, 5.47. mp 125-128 °C.
5.2.3 7V-(Cvclohex-1 -enecarbonylV 
7V-(5,6.7.8 -tetrahydronaphthalen-1 -yl)benzamide 10
o 10
To benzoylfomiic acid (10.0 g, 0.066 moles), thionyl chloride (19.82 g, 12.1 ml, 
0.132 moles) was added dropwise via syringe, into a round-bottomed flask fitted with 
a septum. The reaction was then refluxed for 24 h under nitrogen. The mixture was 
distilled under vacuum at 0.1 atm at 24 °C. The resulting acid chloride (0.5 g, 0.003 
moles) was added dropwise to /Vr-(5,6,7,8 -tetrahydronaphthyl)-1 - 
cyclohexenecarboamide 4 (0.75 g, 0.003 moles) in triethylamine (10 ml) and the 
solution refluxed for 2 h, then left to stir at room temperature for 72 h. Reflux was 
continued for a further 3.5 h, and stirring at room temperature overnight after TLC at
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72 h showed 3 spots, one of which was the starting 2° amide. lH NMR was carried 
out after this and showed the presence of crude cyclohexene-1-carbonyl-A-(5,6,7,8- 
tetrahydronaphthalen-l-yl)benzoylfonnamide 9, 2° amide 4 and impurities (-45, 50 
and 5 %). Ethyl acetate (20 ml) was added to the reaction mixture, which was then 
filtered to remove precipitated triethylamine hydrochloride. The filtrate was washed 
with water (20 ml x 5), dried over sodium sulphate and then concentrated to yield a 
viscous brown solid (1.5 g). Imide 10 was isolated by column chromatography on 
silica (60 g) using dichloromethane as eluent, (R f  -0.9), then recrystallised from 
chloroform-hexane to yield 10 a pale yellow crystalline solid (380 mg, 36 %). ]H 
NMR (CDC13) - 5 7.65 (m, 2H, H 2\ H6’), 7.43 (m, 3H, H2, H4’, H2” ), 7 !7  (m, 2H, 
H3*, H5*), 6.90 (m, 1H, H3” ), 6.52 (m, 1H, H4” ), 2.82 (m, 2H, H5” ), 2.71 (111, 2H, 
H8” ), 2.06 (111, 2H, H3), 1.98 (m, 2H, H6), 1.80 (m, 4H, H4, H5), 1.33 (m, 4H, H6” , 
H7” ). 13C NMR (CDCI3) - 5 21.2, 21.5, 22.6, 22.8, 24.9, 25.1, 25.6, 29.7, 125.6, 
126.2, 128.3, 128.8, 129.7, 131.7, 134.9, 137.5, 137.6, 138.6, 138.8, 139.2, 173.4, 
174.5. IR (cm4, KBr) 1460, 1687. Anal, calcd for C24H25NO2 (359.467): C, 80.19; H, 
7.01; N, 3.90. Found: C, 79.91; H, 7.13; N, 3.90. LRMS (El) (M+ = 359.467). mp 
163-166°C.
5.2.4 A- f 5.6,7.8 - tetr ahvdronaphthy Dmethacryl 
aniide 5
A mixture of 5,6,7,8-tetrahydro-l-naphthylamine (1.472 g, 0.01 moles) in dry acetone 
(7.5 ml) and sodium carbonate (2.11 g) were stirred at room temperature in a round- 
bottomed flask fitted with a septum and methacryloyl chloride (1.05 g, 0.01 moles) 
was added dropwise via syringe. The mixture was left stirring for 48 h, then gravity 
filtered, and concentrated to leave a solid which was recrystallised from ethanol to 
give an off-white solid (0.86 g, 40 %). Column chromatography on silica (40 g) using 
dichloromethane as eluent was carried out to purify the product yielding 5 as a white 
solid (Rf -  0.4). (0.267 g, 12 %). lK  NMR (CDC13) - 5 7.71 (m, 1H, H2’), 7.38 (br. s, 
1H, NH), 7.12 (m, 1H, H3’), 6.91 (m, 1H, H4’), 5.81 (s, 1H, H3cis), 5.44 (s, 1H, 
H3trans), 2.78 (m, 1H, H5’), 2.58 (m, 1H, H8’), 2.06 (s, 3H, CH3), 1.74-1.85 (m, 4H, 
H 6\ H7’).
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Anal, calcd for Ci4H17NO (215.29); C, 78.10; H, 7.96; N, 6.51. Found: C, 79.86; H, 
7.92; N, 6.52. mp 123-128°C.
5.2.5 A/-(2-methvlacryloviyA/- 
(5.6 J.S  -tetrahvdronaphthalen-1 -vllbenzamide 11
vV-( 5,6,7,8 -Tetraliydronaphthyl)methacryloyIcarboamide 5 (0.223 g, 0.001 moles) was 
added to a stirred solution of NaH (60 % dispersion in mineral oil) (0.052 g) in dry 
DMF (20 ml) at -20 °C in a round-bottomed flask fitted with a septum. 
Benzoylformyl chloride (0.175 g, 0.001 moles) was added dropwise via syringe.over 
an hour and the reaction left stilling at room temperature for 3 days. The reaction-mix 
was poured into water (25 ml), extracted with ethyl acetate (75 ml), and the extract 
was washed with water (30 ml x 5) before drying (Na2S04), filtration and removal of 
solvent to give an off-white solid (750 mg). Column chromatography on silica (30 g) 
using dichloromethane as eluent (Rf ~ 0.9) was used to purify the product yielding 11 
as a yellow crystalline solid. (128 mg, 40 %).
]H NMR (CDC13) - 5 7.68 (m, 2H, H2’, H6’), 7.45 (m, 2H, H3’, H5’), 7.25 (m, IH, 
H2” ), 7.07 (m, 2H, H4’, H3” ), 6.85 (m, IH, H4” ), 5.67 (s, IH, H3cis), 5.38 (s, IH, 
H3trans)j 2.80 (m, 2H, H5” ), 2.67 (m, 2H, H8” ), 1.73-1.86 (m, 7H, H6” , H7” , CH3). 
13C NMR (CDC13) - 818.9, 22.6, 22.7, 25.2, 29.6, 122.2, 125.7, 126.2, 128.7, 128.9,
129.7, 132.3, 134.6, 135.8, 138.4, 139.3, 142.3, 172.9, 183.3. Anal, calcd for 
C21H21NO2 (319.4024): C, 79.0; H, 6.58; N, 4.39. Found: C, 78.75; H, 6.51; N, 4.39. 
LRMS (Cl) (M+H = 320). mp 151-153°C.
H ci
5.2.6 A+(2,6-dichlorophenvDaciTlairtide 68
° o A ^  6
2,6-Dichloroaniline (5.00 g, 0.03 moles) in dry acetone (25 ml) and sodium carbonate 
(7 g) were stirred at room temperature and acryloyl chloride (2.72 g, 0.03 moles) was 
added dropwise over 1 h into a round-bottomed flask fitted with a septum, via syringe. 
The reaction mix was left stirring for 48 h before removal by filtration of precipitated 
triethylamine hydrochloride, concentration of the filtrate and recrystallisation from
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ethanol to give a white solid (3.46 g, 53 %). Column chromatography on silica (160 g) 
using dichloromethane as eluent ( R f  -  0.4) was carried out to purify the product 
yielding 6 as a white solid. (1.51 g, 23 %). ]H NMR (CDC13) - 6 7.36 (m, 2H, H3\ 
H5’), 7.20 (m, 2H, NH, H4’), 6.46 (s, 1H, H2), 6.35 (s, 1H, H3cis), 5.81 (m, 1H, 
H3trans)* Anal, calcd for C9H7N0C12 (216.0664): C, 50.03; H, 3.27; N, 6.48. Found: C, 
49.85; H, 3.04; N, 6.33. LRMS (Cl) (M+H = 217). mp 142-145 °C. Lit. mp 154 °C.8
5.2.7 7V-aci*yloyl-7V-(2A6-dichlorophenyl)benzamide 12
' a i :  n
12
A-(2,6-Dichlorophenyl)acrylamide 6 (1.47 g, 0.0068 moles) was added to a stirred 
solution of NaH (60 % dispersion in mineral oil) (0.34 g) in dry DMF (30 ml) at -  
20°C in a round-bottomed flask fitted with a septum. Benzoylformyl chloride (1.15 g, 
0.0068 moles) was added dropwise over an hour via syringe and the reaction mix left 
stirring at room temperature for 3 days. The reaction mix was then poured into water 
(30 ml) and extracted with ethyl acetate added (75 ml). The organic extract was then 
washed with water (30 ml x 5) before drying (Na2S04), filtration and removal of 
solvent to leave a crude oil. Purification by column chromatography on silica (120 g) 
using dichloromethane as eluent ( R f  -  0.9) was earned out to leave 12 as a yellow oil 
(-30 mg, 1.4 %). *NMR (CDCI3) -  5 7.95 (m, 2H, H2” , H6” ), 7.17-7.41 (m, 6H, Ar­
il), 6.13 (s, 1, H2), 6.06 (s, 1H, H3cis), 5.75 (s, 1H, H3trans).
5.2.8 N -(5,6,7,8-Tetrahydronaphthalen-1 -ypacrylamide 7
7
A mixture of 5,6,7,8-tetrahydro-1 -naphthylamine (1.472 g, 0.01 moles) in dry acetone 
(7.5 ml) and sodium carbonate (2.11 g) was stirred at room temperature in a round- 
bottomed flask fitted with a septum, and then acryloyl chloride (0.91 g, 0.01 moles) 
added dropwise via syringe. The reaction mix was left stirring at room temperature for 
96 h before filtering and concentration to a white solid (1.09 g, 54 %). Column 
chromatography on silica (50 g) using dichloromethane as eluent ( R f  -  0.4) was 
carried out to yield 7 as a white powdery solid (0.788 g, 39 %). NMR (CDC13) - 8 
7.59 (br. s, 1H, H2’), 7.44 (br. s, 1H, N-H), 7.08 (m, 1H, H2), 6.91 (m, 1H, H3’),
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6.24-6.41 (m, 2H, H 4\ H3cis), 5.69 (m, 1H, m M ), 2.76 (m, 2H, H5’), 2.55 (m, 2H, 
H8’), 1-75 (m, 4H, H 6\ H7’). Anal, calcd for Ci3H15NO (201.27); C, 77.58; H, 7.51; 
N, 6.96. Found: C, 77.85; H, 7.49; N, 6.95. LRMS (El) (M+= 201). mp 128-129 °C.
5.2.9 A-Acrvlovl-A-(5,6.7.8-tetrahydro 
naphthalen-1 -vDbenzamide 13
13
A-(5,6,7,8-tetrahydronaphthalen-l-yl)acrylamide 7 (0.749 g, 0.0037 moles) was 
added to a stirred solution of NaH (60 % dispersion in mineral oil) (0.112 g, 0.0047 
moles) in dry DMF (25 ml) at -20 °C in a round-bottomed flask fitted with a septum. 
Benzoylfonnyl chloride (0.63 g, 0.0037 moles) was added dropwise over an hour via 
syringe and the reaction mix left stirring at room temperature for 3 days. The reaction 
mix was poured into water (30 ml) extracted with ethyl acetate (75 ml), and the 
extract was washed with water (30 ml x 5) before drying (Na2S04), filtration and 
removal of solvent to give a white solid (600 mg, 53 %). Purification by column 
chromatography on silica (35 g) using dichloromethane as eluent ( R f  ~ 0.9) was 
earned out. A yellow oil remained upon removal of solvent (20 mg, 1.8%). lH NMR 
(CDCI3) - 5 7.68 (m, 2H, H2’ H6’), 7.49 (m, 1H, H4’), 7.39 (m, 2H, H 3\ H5’), 7.14 
(m, 2H, FE2” , H3” ), 6.95 (m, 1H, H4” ), 6.45 (m, 1H, H2), 6.25 (m, 1H, H3cis), 5.69 
(111, 1H, H3trans)? 2.82 (br. s, 2H, H8” ), 2.63 (br. s, 2H, H5” ), 1.77 (m, 4H, H6” , 
H7” ). 13C NMR (CDCI3) - 6 22.7, 25.2, 25.4, 29.6, 126.4, 126.7, 128.4, 128.7, 129.1,
129.7, 130.2, 130.7, 132.0, 135.4, 137.2, 139.5, 168.4, 172.8.
LRMS (El) (M+ = 306).
I H5.2.10 A-r2,6-Dichlorophenyl)-methacrylaniide 89
A mixture of 2,6-dichloroaniline (5 g, 0.03 moles) in dry acetone (25 ml) and sodium 
carbonate (7 g) were stirred at room temperature in a round-bottomed flask fitted with 
a septum and methacryloyl chloride (3.14 g, 0.03 moles) added dropwise via syringe. 
The reaction mix was left stirring at room temperature for 48 h before filtering and
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removal of solvent by evaporation gave an off-white solid (4.11 g, 60 %). Column 
chromatography on silica (180 g) using dichloromethane as eluent (Rf ~ 0.4), and 
recrystallisation of the isolated 8 from chloroform-hexane yielded a white powdery 
solid (1.578 g, 23 %). *H NMR (CDC13) - 8 7.58 (br. s, IH, NH), 7.32 (m, 2H, H3’, 
H5’), 7.12 (111, IH, H4’), 5.88 (s, IH, H3 cis), 5.47 (s, IH, H3 trans), 2.03 (s, 3H, 
CH3). Anal, calcd for Ci0H9NOCl2 (230.0932): C, 52.20; H, 3.94; N, 6.09. Found: C, 
52.19; H, 3.86; N, 5.95. LRMS (Cl) (M+H = 231). mp 114-117 °C.
O
5.2.11 A-(2,6-dichlorophenyn-iV-(2-methacryloyl) 
benzamide 14
iV-(2,6-dichlorophenyl)-methacrylamide 8 (1.54 g, 0.0067 moles) was added to a 
stirred solution of NaH (60 % dispersion in mineral oil) (0.334 g) in dry DMF (25 ml) 
at -20 °C in a round-bottomed flask fitted with a septum. Benzoylformyl chloride 
(1.126 g, 0.0067 moles) was added dropwise via syringe over an hour and the reaction 
left stirring at room temperature for 3 days. The reaction mix was poured into water 
(30 ml) and extracted with ethyl acetate (75 ml). The extract was then washed with 
water (30 ml x 5), before drying (Na2S04), filtration and removal of solvent left a 
crude solid (~2 g). Column chromatography on silica (80 g) using dichloromethane as 
eluent (Rf ~ 0.9) and recrystallisation of isolated 14 from chloroform-hexane yielded 
14 as a pale yellow powder (869 mg, 39 %). *H NMR (CDC13) - 8 7.75 (m, 2H, H2” , 
H6” ), 7.49 (m, IH, H4” ), 7.39 (m, 4H, H3” , H5” , H 3\ H5’), 7.21 (m, IH, H4’), 
5.61 (s, IH, H3cjs), 5.40 (s, IH, H3ti.ans), 1.94{s, 3H, CH3). 13C NMR (CDC13) -  18.8, 
123.0, 125.5, 128.8, 129.1, 130.1, 132.5, 135.9, 135.2, 140.9, 172.1, 172.9. Anal, 
calcd for CnHuNOzCfc (334.20): C, 61.10; H, 3.92; N, 4.19. Found: C, 60.98; H, 
3.75; N, 4.06. LRMS (Cl) (M+H = 335). mp 106-109 °C.
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5.2.12 D-A reaction between TV-fCyclohex-1 -enecarbonyl)-
N-(5,6,7,8-tetrahydronaphthalen-1 -ypbenzamide 10 and cyclopentadiene
Three methods were used to establish the reactivity of vV-(Cyclohex-1 -enecarbonyl)- 
iV-(5,6,7,8-tetrahydronaphthalene-l-yl)benzamide 10 in the Diels-Alder reaction with 
cyclopentadiene.
1) Imide 10 (10 mg, 0.0278 mmoles) was ground and sprinkled into distilled 
cyclopentadiene (91.2 mg, 1.38 mmoles) (1:50 mole:mole imide:diene). The 
reaction was monitored by TLC, using dichloromethane as developing solvent. At 
1 h, TLC showed a predominant spot, which corresponded to the starting imide 
with a very faint second spot, there was no change at 48 h.
2) Imide 10 (6 mg, 0.0166 mmoles) was ground and sprinkled into distilled 
cyclopentadiene (0.0011 g, 0.0166 mmoles) and dichloromethane (5 drops) was 
added to dissolve the solid, (1:1 mole:mole imide:diene). TLC at 1 h showed only 
starting imide therefore an extra drop of diene was added. TLC at 20 h showed no 
change.
3) Imide 10 (90 mg, 0.25 mmoles) was ground and sprinkled into distilled 
cyclopentadiene (~3 ml) and heated to 100 °C in a pressure tube for 96 h. The 
sample was evaporated and !H NMR carried out.
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5.2.13 D-A reaction between N -(2 -methylacrylo yl) - A- 
(5,6,7,8-tefrahydronaphthalen-1 -vDbenzamide 11 and cyclopentadiene
7/-(2-methylacryloyl)-A/-(5,6,7,8-tetrahydronaphthalen-l-yl)benzamide 11 (10 mg, 
0.0288 mmoles) was added to cyclopentadiene (11 mg, 0.167 mmoles) in 
dichloromethane (10 drops) and left standing at 25 °C for 24 h. TLC showed 1 spot 
corresponding to starting imide. Mg(ClC>4)2 (0.00643 g, 0.0288 mmoles) was added to 
catalyse the reaction and it was left to stand at 25 °C for a further 5 days. The solution 
was washed with water, the solvent evaporated and !H NMR earned out.
The reaction was also carried out whereby AL(2-methylacryloyl)-77-(5,6,7,8- 
tetrahydro-napthalen-l-yl)benzamide 11 (20 mg, 0.0576 mmoles) was added to 
cyclopentadiene (1 ml) in a pressure tube and heated to 100 °C for 96 h. The sample 
was evaporated and 'H NMR analysis carried out.
5.2.14 D-A reaction between 7V-acryloyl-A-(2.6-dichlorophenvl) 
benzamide 12 and cyclopentadiene
7V-Acryloyl-Ar-(2,6-dichlorophenyl)benzamide 12 (30 mg, 0.094 mmoles) was added 
to cyclopentadiene in a pressure tube and heated to 100 °C for 96 h. The sample was 
evaporated to yield a yellow oil and lH NMR analysis carried out.
5.2.15 D-A reaction between A/-acrvlovl-AL(5.6.7.8- 
tetrahvdronaphthalen-1 -yl{benzamide 13 and cyclopentadiene
7V-Acryloyl-iV-(5,6,7,8-tetrahydronaphthalen-l-yl)benzamide 13 (20 mg, 0.083
mmoles) was added to cyclopentadiene (1 ml) in a pressure tube and heated to 100 °C 
for 96 h. The sample was evaporated to yield an orange oil and lH NMR analysis 
carried out.
223
Chapter 5
5.2.16 D-A reaction of A42,6-(hchlorophenyl)-A-f2-methacryloyO 
benzamide 14 with cyclopentadiene
A-(2,6-dichlorophenyl)-A-(2-methacryloyl)benzamide 14 (10 mg, 0.0276 mmoles) 
was added to distilled cyclopentadiene (11 mg, 0.167 mmoles) in dichloromethane 
(10 drops) and left standing at 25 °C for 24 h. TLC of the reaction showed a very faint 
new spot present. Mg(ClC>4)2 (0.0062 g, 0.0276 mmoles) was added to catalyse the 
reaction and left to stand at 25 °C for a further 5 days. The solution was washed with 
water, the solvent evaporated and lH NMR analysis carried out.
The reaction was also carried out whereby A- (2,6 - di chloropheny 1) - A- (2 - 
methacryloyl)benzamide 14 (20 mg, 0.0552 mmoles) was added to cyclopentadiene (3 
ml) in a pressure tube and heated to 100 °C for 96 h. The sample was concentrated 
and lH NMR analysis earned out.
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5.3 Results and discussion
5.3.1 N-(5,6 J.8-tetrahydronaphthyl)-l- 
cvclohexenecarboamide 4
The acid chloride from the reaction between 1-cyclohexene-l-carboxylic acid and 
thionyl chloride was reacted with 5,6,7,8-tetrahydro-1 -naphthylamine in dry acetone 
and sodium carbonate. (Scheme 5.5) to yield 4 after recrystallisation followed by 
column chromatography. The crude intermediate acid chloride was identified from its 
!H NMR (Fig. 5.2, Table 5.2) and the crude amide 4 from its NMR (Fig. 5.3, Table 
5.3). A satisfactory microanalysis was obtained for 4.
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Scheme 5.5 - Preparation of //-(tetiahydronaphthyl)-1 -cyclohexenecarboamide 4.
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Fig. 5.3 - *H N M R  spectrum of 1-cyclohexene acetyl chloride.
Table 5.2 - *H N M R  assignments for 1-cyclohexene acetyl chloride.
5/ppm Multiplicity Integral Assignment
7.42 m 1 H2
2.31 m 4 H3, H6
1.64 m 4 H4, H5
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Fig. 5.4 - 'H N M R  spectrum (CDC13) of /V-(5,6,7,8-tetrahydronaphthyl)-1 -cyclohexenecarboamide 4.
Table 5.3 - ‘H N M R  assignments for /V-(5,6,7,8-tetrahydronaphthyl)-l-cyclohexenecarboam ide 4.
5/ppm Multiplicity Integral Assignment
7.64 d (J = 7.65 Hz) 1 H2’
7.38 s 1 NH
7.04 m 1 H2
6.66 t (J = 3.76 Hz) 1 H3’
6.79 m 1 H4’
2.71 m 2 H5’
2.52 m 2 H8’
2.29 m 2 H3
2.10 m 2 H6
1.71 m 8 H4, H5, H6’, H7’
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5.3.2 iV-fCvclohex-1 -enecarbonvlV./V-(5,6,7,8 
tetrahydronaphthalene-1 -vDbenzamide 10
The distilled acid chloride produced from reaction of benzoyl formic acid with thionyl 
chloride was reacted with iV-(tetrahydronaphthyl)-1 -cyclohexenecarboamide 4 in 
triethylamine for 78h. After work-up the resulting sticky brown solid was shown by 
NMR to contain the benzoylfomiyl compound 9 and many impurities (Fig. 5.5 and 
Table 5.4). Upon column chromatography (silica) using dichloromethane as eluent 
only a pale yellow crystalline solid, 10 the decarbonylated material was obtained.
Scheme 5.6 - Reaction of 7V-(5,6,7,8-tetiahydronaphthyl)-l-cyclohexenecarboamide with benzoyl 
formyl chloride.
10
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Fig. 5.5 - ‘H N M R  of crude /V-cyclohexenecarbonyl-/V-(5,6,7,8-tetrahydronaphthalen-1 -
yl)benzoylformamide 9.
Table 5.4 - 'H N M R  assignments of crude /V-cyclohexenecarbonyl-jV-(5,6,7,8-tetrahydronaphthalen-1 - 
yl)benzoylformamide 9.
5/ppm Multiplicity Integral Assignment
8.07 m 2 Ar-H2” , 6”
7.65 m 2 Ar-H3” , 5”
7.52 m 1 Ar-H
7.10 m 2 Ar-H
6.89 m 1 Ar-H
6.5 m 1 H2
2.78 m 4 H3, H6
2.04-1.41 m 10 Aliphatic
1.29 m 2 Aliphatic
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The ’H NMR of the crude material is too complex to interpret fully but peaks 
characteristic of imide 9 (e.g. 6.5, 8.07 ppm) are present, and can be confirmed by 
comparison with literature values.4 The remaining peaks appear to be due to unreacted 
amide 4 and benzoylfonnyl chloride as shown by peaks at 7.78-7.84 ppm and 8.1- 
8.18 ppm, respectively. Attempts to recrystallise from ethanol, chloroform-hexane 
and hexane were all unsuccessful. Therefore silica column chromatography was 
carried out using dichloromethane as eluent to yield only one significant product 10, 
the *H NMR analysis of which is shown in Fig. 5.6.
Also used, instead of triethylamine during the benzoylfonnylation step, was diethyl 
ether. However this was unsuccessful due to insolubility of the amide. The 
preparation was also carried out in acetone, in the presence of sodium carbonate, in 
which the amide was soluble, with reflux and over a longer reaction time. THF was 
also used. All methods were found to be unsuccessful in terms of poor yield and 
impure product.
A-(5,6,7,8-tetrahydronaphthyl)-l-cyclohexenecarboamide 4 was recovered from late 
fractions. The desired benzoylformyl imide A-cyclohexenecarbonyl-7V-(5,6,7,8- 
tetrahydronaphthalen-1 ~yl)benzoylformamide 9 was not isolated. However the 
corresponding benzoyl imide (7V-(cyclohex-l-enecarbonyl)-7V-(5,6,7,8-tetrahydro- 
naphthalene-l-yl)benzamide) 10 was isolated in early fractions. This may be a result 
of the silica column causing expulsion of a carbonyl group to give the benzoyl rather 
than the benzoylfonnyl compound. Sakamoto reports a similar decarbonylation for 
the preparation of A-Benzoylformyl-TV-methylmethacrylamide and other N- 
Benzoylformyl a,{3-unsaturated amides upon distillation although an explanation of 
this was not given.7
9 10
Scheme 5.7 - Expulsion of a carbonyl group by silica from 9 to give 10.
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The product 10 gave 'H NMR and 13C NMR spectra as in Figs 5.6 and 5.7, and was 
microanalysed for C24H25NO2 and gave a LRMS (El) M<+) at 359; !H NMR 
assignments are in Table 5.5.
/
Fig. 5.6 - 'H N M R  of recrystallised V-(cyclohex-1 -enecarbonyl)-/V-(5,6,7,8-tetrahydronaphthalene-1 - 
yl)benzamide 10.
Table 5.5 - *H N M R  assignments of /V-(Cyclohex-l-enecarbonyl)-7V-(5,6,7,8-tetrahydronaphthalene-l- 
yl)benzamide 10.
8/ppm Multiplicity Integral Assignment
7.65 m 2 H2\ H6’
7.43 m 3 H3’, H5’, H2”
7.17 m 2 H2, H4’
6.90 m 1 H3”
6.52 m 1 H4”
2.82 m 2 H5”
2.71 m 2 H8”
2.06 m 2 H3
1.98 m 2 H6
1.80 m 4 H4, H5
1.33 m 4 H6” , H7”
231
Chapter 5
Fig. 5.7 - 13C N M R  (CDC13) of recrystallised y-(Cyclohex-l-enecarbonyl)-A-(5,6,7,8-tetrahydro- 
naphthalene-l-yl)benzamide 10.
Analysis by IR confirmed only 2 carbonyl groups present with peaks at 1460 and
1697 cm'1, a peak at the expected -1750 cm'1 position is missing.4
The 13C NMR spectrum is shown in Fig. 5.7 and is only partly assigned as indicated.
Careful recrystallisation from chloroform-hexane yielded a single crystal for X-ray 
crystallography. The structure is shown in Fig. 5.8 and the crystal data in Table 5.6.
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Fig. 5.8 - X-ray structure of recrystallised 7/-(Cyclohex-l-enecarbonyl)-/V-(5,6,7,8-tetrahydro 
naphthalene-1 -yl)benzamide 10.
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Table 5.6 - Crystal data and structure refinement.
Empirical formula 
Formula weight 
Temperature 
Wavelength
Crystal system 
Space group 
Unit cell dimensions
Volume
Z
Density (calculated)
Absorption coefficient 
F(000)
Crystal 
Crystal size
0 range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to #=27.48°
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on
Final R indices [A2 > 2cr(F2)]
R indices (all data)
Absolute structure parameter 
Extinction coefficient 
Largest diff. peak and hole
C 12H 12.50N 0.50O 
179.73 
293(2) K
0.71073 A  
Orthorhombic
P2i2i2i
« = 8.2378(5) A  a =90°
b = 9.2872(5) A  p = 90°
c = 25.4354(13) A  y = 90°
1945.96(19) A 
8
1.227 M g  /m3 
0.077 mm*1 
768
Prism; colourless 
0.60 x 0.15 x 0.10 m m 3 
2.95 - 27.48°
-10 < h <  10, -12 < k < 10, -32 < / < 32 
13136
3904 [Pinf = 0.0626]
94.8%
Semi-empirical from equivalents 
0.9923 and 0.9551 
Full-matrix least-squares on F 2 
3904/0/245 
1.013
R I =0.0630, wR2 = 0.1707 
R I = 0.0980, wR2 = 0.1934 
1(2)
0.019(6)
0.292 and-0.246 e A'3
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The crystal structure has a twisted chiral conformation with only one enantiomorph in 
the crystal hence P2\2\2\. The lower face of the cyclohexenyl ring is blocked and the 
upper face is open (possibly even more than with the benzoylfoimyl derivative). The 
x-ray structure (Fig. 5.8) also shows that the carbonyl group C7-01 is out-of-plane to 
the double bond of the cyclohexene ring C1-C2. (-36.5(4)°)
5.3.3. A-ftetrahvdronapfrthvDmethacryl 
amide 5
Reaction of 5,6,7,8-tetrahydro-1 -naphthylamine in dry acetone and sodium carbonate 
with methacryloyl chloride yielded 5 in 40 % yield.
The product was identified as 5 from its JH NMR (Fig. 5.9, Table 5.7). Despite a poor 
microanalysis it was used in the next stage.
acetone
sodium carbonate 
room temp.
5
Scheme 5.9 - Reaction of methacryloyl chloride with 5,6,7,8-tefrahydro-l-naphthylamine.
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% i j
Fig. 5.9 - 'H N M R  (CDCl3) of W-(5,6,7,8-tetrahydronaphthyl)methacrylamide 5.
Table 5.7 - 'H N M R  assignments of A-(5,6,7,8-tetrahydronaphthyl)methacrylamide 5.
5/ppm Multiplicity Integral Assignment
7.71 m 1 H2’
7.38 br. s 1 NH
7.12 m 1 H3"
6.91 m 1 H4’
5.81 s 1 H3cis
5.44 s 1 H3trans
2.78 m 1 H5’
2.58 m 1 H8’
2.06 s 3 c h 3
1.74-1.85 m 4 H6% H7’
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5.3.4. A-(2-methylacryloyl)-A-
(5 ,6 ,7,8-tetrahydronaphthalen-1 -yQbenzamide 11
11
A-(2-methylacryloyl)-A-(5,6,7,8-tetrahydronaphthalen-1 -yl)benzamide 11 was
isolated after reaction of A-(tetrahydronaphthyl)methacryloylcarboamide 5 and NaH 
in DMF at -20 °C with benzoylformyl chloride followed by column chromatography 
as a crystalline solid in 40 % yield. It was identified on the basis of the XH NMR. (Fig.
5.10, Table 5.8). 5' 4'
yl)benzamide 11.
Table 5.8 - ‘H N M R  of recrystallised jV-(2-methylacryloyl)-AL(5,6,7,8-tetrahydronaphthalen-l- 
yl)benzamide 11.
5/ppm Multiplicity Integral Assignment
7.68 m 2 H2\ H6’
7.45 m 2 H3’, H5’
7.25 m 1 H2”
7.07 m 2 H 4\ H3”
6.85 m 1 H4”
5.67 s 1 H3cjs
5.38 s 1 HStrans
2.80 m 2 H5”
2.67 m 2 H8”
1.73-1.86 m 7 H6” , H7” , CH3
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The reaction has been successful although the absence of a peak at -8.1 ppm suggests 
that the benzoyl product may have formed.
13C NMR analysis confirmed the benzoyl rather than benzoylformyl by the presence 
of 19 carbon peaks (C21H21NO2).
A satisfactory microanalysis and LRMS (Cl) (M+H = 320) were consistent with 
C21H21NO2, the benzoyl derivative 11.
Fig. 5.11 - 13C N M R  of recrystallised W-(2-methylacryloyl)-iV-(5,6,7,8-tetrahydronaphthalen-l- 
yl)benzamide 11.
Careful recrystallisation from chloroform-hexane yielded a single crystal for x-ray 
crystallography. The structure is shown in Fig. 5.12 and the crystal data in Table 5.9.
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Fig. 5.12 - X-ray structure of recrystallised V-(2-methylacryloyl)-/V-(5,6,7,8-tetrahydronaphthalen-1 - 
yl)benzamide 11.
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Table 5.9 - Crystal data and structure refinement. 
Empirical formula C21H21NO2
Formula weight 319.39
Temperature 120(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group Pbca
Unit cell dimensions a = 14.0392(3) A a = 9  0°
Volume
b = 13.8109(3) A (J~ 90° 
c= 16.9908(4) A y  — 90° 
3294.41(13) A3
Z  , 8
Density (calculated) 1.288 Mg /m 3
Absorption coefficient 0.082 mm"1
F (000 ) 1360
Crystal Slab; Colourless
Crystal size 0.26 x 0.12 x 0.05 nun3
6 range for data collection 2.95 -  27.46°
Index ranges -1 5  < h < 18, -1 6  < k < 17, -2 2  <; / < 18
Reflections collected 28019
Independent reflections 3754 -  0.0921]
Completeness to 6=  27.46° 99.7 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9959 and 0.9789
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3754 /0 /219
Goodness-of-fit on F 1 1.051
Final R indices \F2 >  l o i F 1)] Rl = 0.0471, wR2 = 0.1025
R indices (all data) R1 =0.0700, wR2 = 0.1136
Extinction coefficient 0.0079(8)
Largest diff. peak and hole 0.267 and -0.231 e A'3
240
Chapter 5
The conformation is similar to Fig. 5.8 (imide 10). The lower face is blocked and the 
upper face is open. Its space group is Pbca (NOT chiral), i.e. this structure plus 
enantiomorph are twinned throughout the crystal. This could be due to fast 
recrystallisation or that the smaller methacryloyl allows the groups to ‘rotate’ more 
easily.
5.3.5 A-f2,6-dichlorophenyl)acrvlamide 6
6
A-(2 ,6 -dichlorophenyl)acrylamide 6  was prepared by reaction of 2 ,6 -dichloroaniline 
in dry acetone and sodium carbonate with acryloyl chloride to give 6  as a white solid 
in 23 % yield after column chromatography. It was identified from its JH NMR (Fig. 
5.13, Table 5.10) and LRMS (Cl) (M+l = 217). A satisfactory microanalysis and 
sharp melting point were obtained.
6
Scheme 5.10 -  Reaction of acryloyl chloride with 2,6-dichloroaniline.
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Fig. 5 .13.- 'H NMR (CDC13) of Ar-(2,6-dichlorophenyl)acrylamide 6.
Table 5.10 - 'H NMR (CDC13) of N- (2,6-dichlorophenyl)acrylamide 6.
5/ppm Multiplicity Integral Assignment
7.36 m 2 H 3\ H5’
7.20 m 2 NH, H4’
6.46 s 1 H2
6.38 s 1 H3Cis
5.81 d 1 H3trans
There is a broad peak at 6.34-6.36 ppm, which is unaccounted for. It is possibly a 
contaminant in the NMR sample.
5.3.6 Preparation of A-acryloyl-7V-(2,6-dichlorophenyl) 
benzamide 12
A-acryloyl-7V-(2,6-dichlorophenyl)benzamide 12 was prepared by reaction of N-(2,6- 
dichlorophenyl)acrylamide 6  in NaH and DMF with benzoylformyl chloride, and after 
column chromatography yielded an orange oil (1.38 %).
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5" 4"
Fig. 5.14 -  'H NMR spectrum of /V-acryloyl-/V-(2,6-dichlorophenyl)benzarnide 12 and benzoylformyl 
chloride.
Table 5 .11 - 'H NMR assignments of V-acryloyl-/V-(2,6-dichlorophenyl)benzamide 12 and 
benzoylformyl chloride.
5/ppm Multiplicity Integral Assignment
7.94-7.97 m 2 H 2 ” , H 6 ”
7.17-7.41 m 6 Ar-H
6.13 s 1 H 2
6.06 s 1 H 3 cis
5.75 s 1 H3trans
The NMR spectrum is very complex but a peak at 7.95 ppm is most likely to be due to 
/V-acryloyk/V-(2 ,6 -dichlorophenyl)benzamide 1 2  by analogy with imides 1 0  and 1 1 . 
There is also benzoylformyl chloride and the benzoylformyl derivative of imide 12 as 
shown by peaks at 8.19 ppm and 8.07 ppm respectively, among others in the spectrum 
which are characteristic to these compounds.
Also attempted, but unsuccessful, was the reaction of benzoylformyl chloride with 2° 
amide in triethylamine with reflux for 5 h.
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5.3.7 N - (  5 . 6  J . S -tetrahvdronaphthalen-1 -yl)
acrvlamide 7
7
Addition of acryloyl chloride to 5,6,7,8-tetrahydro-l-naphthylamine in dry acetone 
and sodium carbonate yielded a crude white solid (54 %, 1.09 g) which after column 
chromatography (39 %) gave 7 as a white solid, identified from its ]H NMR spectrum. 
A further recrystallisation was earned out to obtain a sample for microanalysis
acetone 
 ►
sodium carbonate 
room temp.
Scheme 5.11 - Reaction of acryloyl chloride with 5,6,7,8-tetrahydro-l-naphthylamine,
244
Chapter 5
Fig. 5.15  -  ‘H NMR (CDC13) of jV-(5,6,7.8-tetrahvdronaphthalen-1 -yl)acrvlamide 7.
Table 5.12 - 'H NMR assignments of W-(5,6,7,8-tetrahydronaphthalen-l-yl)acrylamide 7.
5/ppm Multiplicity Integral Assignment
7.59 br. s 1 H2’
7.44 br.s 1 N-H
7.08 m 1 H2
6.91 m 1 H3’
6.24-6.41 m 2 H3CjS, H4’
5.69 m 1 H3trans
2.76 m 2 H5’
2.55 m 2 H8 ’
1.75 m 4 H6 ’, H7’
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5.3.8 Preparation of AT-acrylovl-A^ -(5,6,7,8-tetrahydro 
naphthalen-l-vl)benzamide 13
13
Benzoylformyl chloride was added to TV-(5,6,7,8-tetrahydronaphthalen-l- 
yl)acrylamide 7 in NaH and DMF at -20 °C to yield, after work-up, TV-acryloyl-TV- 
(5,6,7,8-tetrahydronaphthalen-l-yl)benzamide 13 to yield a white solid (53 %). 
Recrystallisation in chloroform-hexane failed to give a high level of purity, therefore 
column chromatography was performed to yield a yellow oil upon removal of solvent 
(1.77 %). Imide 13 was identified from its ‘H NMR and 13C NMR and LRMS (El)
Table 5.13 - ‘H NMR assignments for V-acryloyl-A/-(5,6,7,8-tetrahydronaphthalen-l-yl)benzamide 13.
8 /ppm Multiplicity Integrals Assignment
7.68 m 2 H 2\ H6 ’
7.49 m 1 H4’
7.39 m 2 H 3\ H5’
7.14 m 2 H2” , H3”
6.95 m 1 H4”
6.45 m 1 H2
6.25 m 1 H3Cjs
5.69 m 1 H3trans
2.82 br. s 2 00
X
2.63 br. s 2 H5”
1.77 m 4 H6 ” , H7”
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Fig. 5 . 1 7 -  13C NMR (CDC13) of y-acryloyl-/V-(5,6,7,8-tetrahydronaphthalen-l-yl)benzarnide 13.
Also attempted, but unsuccessful was the reaction of PhCOCOCl with 2° amide in 
triethylamine and diethyl ether at 0 °C. The same method was repeated using gentle 
heating for 24 h. Imide 13 was present but was too impure for recrystallisation.
5.3.9 A-(2,6-dichlorophenyQ-methacrylamide 8
The reaction of 2,6-dichloroaniline with methacryloyl chloride in the presence of 
sodium carbonate in dry acetone yielded an off-white solid (60 %) after work-up. 
Column chromatography and recrystallisation gave a white powdery solid (23 %) 
identified as 8  by [H NMR. A satisfactory microanalysis was obtained.
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Fig. 5.18 -  'H NMR spectrum of /V-(2,6-dichlorophenyl)-methacrylamide 8. 
Table 5.14 - 'H NMR spectrum of Ar-(2,6-dichlorophenyl)-2-methylacrylamide 8.
Shift Multiplicity Integral Assignment
7.58 br. s 1 NH
7.32 m 2 H 3\ H5’
7.12 m 1 H4’
5.88 s 1 H3CjS
5.47 s 1 H3trans
2.03 s 3 c h 3
5.2.10 A/-(2,6-dichlorophenylWV-(2 
methacryloyDbenzamide 14
A-(2,6-dichlorophenyl)-A-(2-methacryloy 1)benzamide 14 was prepared by reaction of 
A-(2,6-dichlorophenyl)-2-methylacrylamide 8  in NaH and DMF at -20 °C with 
benzoylformyl chloride. Column chromatography and recrystallisation yielded a pale
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yellow powder (39 %). The compound was fully characterised by *H NMR (Fig. 
5.19), 13C NMR (Fig. 5.20), LRMS (Cl) (M+H = 335), microanalysis and mp.
5" 4"
Fig. 5.19 - ‘H NMR spectrum (CDC13) of recrystallised /V-(2,6-dichlorophenyl)-/V-(2- 
methacryloyl)benzamide 14.
Table 5.15  - NMR assignments for recrystallised Ar-(2,6-dichlorophenyl)-A-(2- 
methacryloyl)benzamide 14.
5/ppm Multiplicity Integral Assignment
7.75 m 2 H2” , H6 ”
7.49 m 1 H4”
7.39 m 4 H3” , H5” , H 3\ H5’
7.21 m 1 H4’
5.61 s 1 H3cis
5.40 s 1 H3trans
1.94 s 3 c h 3
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Fig. 5.20 -  13C NMR spectrum (CDC13) of V-(2.6-dichlorophenyl)-Ar-(2-methacr\loyl)benzamide 14.
5.3.11 Diels-Alder reaction between TV-(cyclohex-l -enecarbonyl)- 
AL(5,6,7,8-tetrahydronaphthalene-l-yl)benzamide 10 and cyclopentadiene
Three methods were used to explore the reactivity of 7V-(cyclohex-1 -enecarbonyl)-/V- 
(5,6,7,8-tetrahydronaphthalen-l-yl)benzamide 10 in the Diels-Alder reaction towards 
cyclopentadiene.
1) Reaction o f solid 10 and cyclopentadiene at 25 °C in a 1:50 mole:mole 
imide:diene ratio and monitoring by TLC at 1 h and 48 h and *H NMR at 48 h.
2) The use of dichloromethane to dissolve the solid with reagents in a 1:1 mole:mole 
imide:diene ratio and monitoring by TLC at 1 h, 20 h and 48 h.
3) A repeat of the first method but at 100 °C in a pressure tube for 96 h followed by 
concentration and 1H NMR analysis.
These reactions were to assess reactivity of 10 rather than to test for 
enantioselectivity. Clearly the homogeneous CH2CI2 reaction would not give 
enantioselectivity, since rotation, therefore racemisation is likely to be rapid in 
solution (c.f. 1 1/2 = 7.8, 33.1 and 150 m at -20, -30 and -40 °C respectively for 9) . 4 
However, under the conditions here, neither would the reactions with solid 10 be
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enantioselective overall unless only one crystal was used (or unless the crystallisation 
was by total spontaneous resolution of 1 0  rather than conglomerate formation but 
there is no evidence of this yet).
O
10
(a) (b)
Scheme 5.8 - Reaction of /Vr-(cyclohex-l-enecarbonyl)-/vr-(5)6,7,8-teti‘ahydronaphthalene-l- 
yl)benzamide 10 with cyclopentadiene.
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Fig. 5.21 - 'H NM R of evaporated /V-(cyclohex-1 -enecarbonyl)-jV-(5,6,7,8-tetrahydronaphthalene-1 - 
yl)benzamide 10 /cyclopentadiene reaction from 1).
On comparison with Fig. 5.6, the peaks corresponding to imide 10 are present at 7.65 
ppm, and no additional peaks in the characteristic ArH, C=CH 6 .5-8.0 ppm region are 
apparent suggesting that the reaction with cyclopentadiene has not taken place. 
Similarly, for the first and second reaction (in CH2CI2) TLC analysis at 48 h showed 
only starting imide 1 0 .
Reaction 3, which involved heating in a sealed tube over 4 days, likewise showed no 
product. (Fig. 5.22).
A conjugated carbonyl group will have a strong effect on the reactivity o f the alkene 
acting as a ”Z-type” electron-withdrawing group. This will lower the dienophile 
LUMO energy, and promote cycloaddition with a diene, which is why acrolein is so 
reactive. It was argued that the twisting of the molecule would not allow N-C=0 
conjugation, which would reduce the electron deficiency of the C=C. The x-ray 
structure (Fig. 5.8) suggests that this is the case (C15-N1-C7-01) torsional angle -  
32.3(4)°. However, the x-ray structure (Fig. 5.8) also shows that the carbonyl group
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C7-01 is out-of-plane to the double bond o f the cyclohexene ring C6-C1-C7-01 
torsional angle is 140.1(3)°. This will lower its reactivity in the Diels-Alder reaction. 
It should also be noted that the C=C in 10 is tri-substituted, with two of the 
substituents being electron donating.
Fig. 5.22 - ‘H NMR of evaporated /V-(Cyclohex-1 -enecarbonyl)-/V-(5,6,7,8-tetrahydronaphthalene-1 - 
yl)benzamide 10 /cyclopentadiene reaction from method 3).
5.3.12 D-A reaction between AL(2-methylacryloylWV- 
(5,6,7,8-tetrahydronaphthalen-l-yl)benzamide 11 and cyclopentadiene
As with 10, the imide 11 was assessed for reactivity towards cyclopentadiene. N-(2- 
methylacryloyl)-/V-(5,6,7,8-tetrahydronaphthalen-l-yl)benzamide 11 was added to 
cyclopentadiene in dichloromethane and left standing at 25 °C for 24 h, but TLC 
showed only 1 spot corresponding to starting imide. The compound Mg(C1 0 4 )2 , 
known to catalyse in both solid and solution phase (see chapters 1 and 3), was then 
added to catalyse the reaction and it was left to stand at 25 °C for a further 5 days. 
The solution was washed with water, the solvent evaporated and 'H NMR carried out.
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Fig. 5.23 -  'H NMR spectrum of Mg(C104)2-catalysed reaction between N-(2-methylacryloyl)-W- 
(5,6,7,8-tetrahydronaphthalen-l-yl)benzamide 11 and cyclopentadiene.
Although the crude NMR appeared to have a new Ar peak at -7.9 ppm (-25 %), no 
new TLC spot was obvious and this product was not investigated further.
The reaction was also carried out whereby TV-(2-methylacryloyl)-TV-(5,6,7,8- 
tetrahydronaphthalen-l-yl)benzamide 11 (0.0576 mmoles) was added to
cyclopentadiene (1 ml) in a pressure tube and heated to 100 °C for 96 h followed by 
concentration and 1H NMR analysis. Again, there is evidence of a new material due to 
a peak at ca. 8  ppm, but the amount seemed small.
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Fig. 5.24 -  'H  NMR spectrum of reaction between yV-(2-methylacryloyl)-Ar-(5,6,7,8- 
tetrahydronaphthalen-l-yl)benzamide and cyclopentadiene.
A possible reason for the low reactivity o f imide 11 is as for 10. Here also the 
carbonyl group is twisted out of conjugation (similar to that of 1 0 ).
5.3.13 D-A reaction between A-acryloyl-A-(2,6-dichlorophenyl) 
benzamide 12 and cyclopentadiene
Despite its impure state, A-acryloyl-A-(2,6-dichlorophenyl)benzamide 12, and 
cyclopentadiene were reacted at 100 °C for 96 h in a sealed tube followed by 
evaporation to yield an orange oil.
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Fig. 5.25 - 'H NMR spectrum of residue from reaction between y-acryloyl-iV-(2,6- 
dichlorophenyl)benzamide 12 and cyclopentadiene.
On comparison with Fig. 5.14 there is a shift in the peaks corresponding to imide 12 
suggesting that a reaction has occurred with cyclopentadiene.
5.3.14 D-A reaction between TV-acrvloyl-TV-CS^J -^tetrahydro 
naphthalen-l-yl)benzarnide 13 and cyclopentadiene
A/-acryloyl-TV-(5,6,7,8-tetrahydronaphthalen-l-yl)benzamide 13 and excess 
cyclopentadiene were reacted at 100 °C in a pressure tube for 96 h followed by 
evaporation to yield a yellow oil.
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5' 4'
(b)
Fig. 5.26 -  ’H NMR spectra (CDCfi) of (a) A/-acryloyl-/V-(5,6,7,8-tetrahydronaphthalen-1 - 
yl)benzamide 13, (b) reaction between /V-acryloyl-/V-(5,6,7,8-tetrahydronaphthalen-l-yl)benzamide 13 
and cyclopentadiene.
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On comparison with Fig. 5! 6  there is a shift in the peaks especially in the alkene 
region (from 5.69-6.49 ppm to 5.96 to 6.25 ppm) suggesting that a reaction has 
occurred with cyclopentadiene.
5.3! 5 D-A reaction of A- (2.6 - dichl or ophenyl)-A- ( 2-me thacryl ovl) 
benzamide 14 with cyclopentadiene
A-(2,6-dichlorophenyl)-A-(2-methacryloyl)benzamide 14 and cyclopentadiene (1:6 
molemiole) in dichloromethane were left standing at 25 °C for 24 h. TLC of the 
reaction showed a very faint new spot present. Mg(C1 0 4 ) 2  was added and the reaction 
left to stand at 25 °C for a further 5 days. The solution was worked up with water, the 
solvent evaporated and lH NMR obtained.
S M  S M/ P  P S M  S M/ P  P
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(a) 24h (b) A further 5 days with added Mg(C104)2 as catalyst.
Fig. 5.27 -  TLC analysis of reaction between Ar-(2,6-dichlorophenyl)-7V-(2-methacryloyl) 
benzamide 14 with cyclopentadiene.
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Fig. 5.28 -  'H NMR spectrum (CDC13) of reaction between jV-(2.6-dichlorophenyl)-.V-(2- 
methacryloyl)benzamide 14 and cyclopentadiene.
The crude *H NMR spectrum shows a small new Ar peak at -7.95 ppm (-10 %).
The reaction was also carried out whereby TV-(2,6-dichlorophenyl)-TV-(2- 
methacryloyl)benzamide 14 and cyclopentadiene were heated to 100 °C in a pressure 
tube for 96 h. The sample was concentrated and lH NMR obtained.
Fig. 5.29 - 'H NMR analysis of Ar-(2,6-dichlorophenyl)-A(-(2-methacryloyl)benzamide 14 and 
cyclopentadiene reaction at 96 h.
There is no obvious shift in the peaks corresponding to imide 14, which would 
suggest that it has not reacted with cyclopentadiene.
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5.4 Conclusions
Amides 4, 5, 6 , 7 and 8  were successfully prepared in adequate yields. All were 
characterised by !H NMR, LRMS, mp and microanalysis. The imides 10, 11, 12, 13 
and 14 were synthesised by a modification of the method of Sakamoto4 and were 
characterised by lH NMR, LRMS, mp and microanalysis except 12 and 13 which 
were identified by lH NMR and LRMS only.
In all cases the imide was isolated and purified by column chromatography on silica 
followed by recrystallisation. This always resulted in the benzoyl rather than the 
benzoylformyl product being isolated. Upon examination of !H NMR spectra, the 
benzoylfonnyl product in all was apparent in the crude sample before purification by 
column chromatography, although it was too impure to isolate by recrystallisation 
alone.
Crystal structures were obtained for imides 10 and 11 with space groups P2\2\2\ and 
Pcba respectively. The space groups of the benzoyl imide 10 and the benzoylformyl 
imide 9 are the same, suggesting that the small change in this part of the molecule 
does not determine or affect the crystal structure.
The crystal structures have a twisted chiral conformation. The lower face of the 
cyclohexenyl ring, in the case of 1 0  and the methacryloyl alkene of i l  is blocked and 
the upper face is open (possibly even more than with the benzoylformyl derivative). 
The x-ray structures also show that the carbonyl group is out-of-plane to the double 
bond in both cases.
All imides were tested for their reactivity in the Diels-Alder reaction with 
cyclopentadiene. Imides 12 and 13 showed evidence of having reacted with 
cyclopentadiene as indicated by a shift in key peaks in the lH NMR spectrum.
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Imides 10, 11 and 14 appeared to give little or no reaction with cyclopentadiene. 
Examination of the crystal structures, for 10 and 11, shows that the carbonyl group is 
out-of-plane with respect to the double bond involved in the cycloaddition to the 
diene. This is important in the Diels-Alder reaction, as a carbonyl group conjugated to 
a double bond lowers the LUMO energy, to promote cycloaddition to a diene. This 
lowering of LUMO energy will be reduced when the carbonyl group is out-of-plane to 
the double bond, which will lower the alkene reactivity in the Diels-Alder reaction.
5.5 Further work
• Explore different (e.g. slower) crystallisations, e.g. of 11, to try to Obtain jP2i 2i 2 i 
or another chiral group.
• Check whether 10 racemises slowly or quickly in solution.
• Check whether 10 gives total spontaneous resolution or conglomerate crystals (if 
slow in solution optical rotation can be used to determine this, if  fast, x-ray of 
several randomly selected crystals can be carried out).
• Models can be used to check the reactivity of the diene conjugated with respect to
the carbonyl group for the amides prepared in this chapter.
• In the cases where reaction between the imides and cyclopentadiene is found, any 
adduct crystals can be tested by x-ray, but since chirality will be fixed, the 
resulting adduct region can be cleaved from the imide, for example, by reacting 
with LiAlHL. A chiral column can be used to determine whether the chirality of 
the imide has been transferred to the product. *
• Determine how much more reactive the imides would have been towards
cyclopentadiene, had the carbonyl group been conjugated with respect to the
double bond through the use of molecular modelling, hi turn showing how much 
the lack of conjugation had affected the reactivity of the imides and whether it was 
the main reason for the low reactivity.
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